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State-of-the-art electrodes for proton exchange membrane fuel cells (PEMFCs) 
contain platinum catalyst and a Nafion proton-conducting binder. Optimal conditions for 
Nafion functionality are at 80oC and 100% relative humidity (RH). Ceramic carbon 
electrodes (CCEs), consisting of carbon particles supported by ceramic binder network, 
may be an alternative electrode structure which replaces Nafion with organosilane 
materials. CCEs are also attractive for their high surface area and durable nature. CCEs 
have been fabricated via an in-situ sol-gel polymerization process. Development of a 
novel electrode fabrication procedure included direct spray-deposition of CCEs onto a 
microporous/gas diffusion layer to facilitate adhesion and facile electrode preparation. 
CCEs were composed of commercial carbon-supported platinum catalyst and 3-
trihydroxysilyl-1-propanesulfonic acid (TPS) or TPS and tetraethylorthosilicate (TEOS) 
to vary the level of sulfonation. CCEs were initially tested electrochemically in a half-cell 
set-up to evaluate electrode functionality.  
An optimal loading of 42-48 wt% silane was determined for CCEs with only TPS 
to provide the highest electrochemically active surface area (ECSA) of platinum and 
proton conductivity. BET surface areas were low due to restriction of pore sizes by the 
sulfonated side chain. Composite CCEs of TPS/TEOS had enhanced electrochemical 
performance and high BET surface areas (> 400 m2 g-1), indicating high porosity. 
Excellent electrochemical results were obtained for the CCE with a TPS:TEOS ratio of 
4:96 (40 wt% total silane).  
The sulfonated TPS/TEOS CCE (SS-CCE) was further evaluated in a fuel cell. 
Electrochemical studies showcased higher accessibility of catalyst sites and good proton 
conductivity compared to Nafion-containing cathodes. At 80oC and 100% relative 
humidity (RH), CCEs performed similarly to Nafion electrodes at low current density but 
suffered from mass transport limitations due to flooding at high current density. 
Investigation at lower %RH conditions revealed superior performance for membrane 
electrode assemblies (MEAs) with SS-CCE cathodes compared to Nafion-based 
cathodes, resulting from back-diffusion of water from the cathode to the membrane.  
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SS-CCE durability was demonstrated over multiple start-up/shut-down conditions 
and 300 hours of continuous load testing. Carbon corrosion and silane backbone 
degradation were not observed, though ECSA was reduced. Transport phenomena related 
to performance losses were evaluated compared to Nafion cathodes. No performance 
drop was observed when air was the oxidant (vs. oxygen), suggesting excellent oxygen 
transport capabilities for SS-CCE cathodes. Oxygen diffusivity through the catalyst layer 
is enhanced by the silane-based ionomer, and the major contribution to performance loss 
is related to pore flooding, which could be alleviated under low humidity conditions. 
Keywords: proton exchange membrane fuel cell, ceramic carbon electrode, 
electrochemistry, sulfonated organosilane, sol-gel, carbon-supported catalysts, 
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1.1 Proton Exchange Membrane Fuel Cells  
As the global population grows and industrialization continues to expand around 
the world, there is an enduring necessity for reliable energy production. Automotive 
transportation is almost exclusively dependent upon gasoline and diesel fuels.1 As 
technology upgrades and spreads globally, there will be a desire to power more buildings, 
cars, and portable devices. This reliance on fossil fuels to provide power for our modern 
existence means that any interruption to the fuel supply will restrict our infrastructure and 
lifestyle. Since M. K. Hubbert predicted in 1956 that oil production in the United States 
would peak in 19702, considerable attention has gone into finding more oil reserves 
around the world and predictions about peak fossil fuel production have been adjusted to 
occur between 2015 and 20203. If fossil fuel production slows and demand stays constant 
or increases, fuel costs will rise and the incidence of political conflict between nations 
attempting to access the remaining reserves will intensify.4 
It has also come to light that consumption of fossil fuels produces greenhouse 
gases and harmful by-products that contribute to climate change, acid rain, ozone layer 
depletion, and pollution.3 As of 2003, fossil fuels were being consumed at a rate of 
almost 80 million barrels per day, with the transportation sector accounting for close to 
two-thirds of North American usage.4 Therefore, contributions from vehicles to fossil fuel 
exhaustion and environmental pollution are not trivial. New energy technologies for 
transportation applications will reduce contributions to pollution and dependence on both 
domestic and foreign oil reserves. For a new technology to be successful, it should be 
able to use existing infrastructure and be available at a reasonable cost to consumers. Fuel 
cells have been of interest for energy production since William Grove first discovered in 
1839 that the reaction between hydrogen and oxygen to produce water also produced 
electric current.5,6 Since then, fuel cells have been developed using a variety of reactants 
and component materials to produce electricity for stationary, transportation, and mobile 
devices with the ultimate goal of generating water as the only by-product.5 
The basic definition of a fuel cell is an energy conversion device that continuously 






reactants in this process, a fuel and an oxidant, most commonly hydrogen and oxygen 
respectively.5 The advantage provided by a fuel cell versus a conventional battery is that 
there is no charge/discharge process or fixed concentration of chemicals that will be 
consumed; that is, as long as fuel and oxidant are supplied to the system, the fuel cell will 
continuously generate electricity.5 This means that there is no charging time involved 
before operating a fuel cell, and it is theoretically capable of producing electricity as long 
as fuel and oxidant are present.  
The proton exchange membrane fuel cell (PEMFC), also referred to as a polymer 
electrolyte membrane fuel cell, is the fuel cell type closest in design to Grove’s original 
gas voltaic battery as it uses hydrogen gas as a fuel and oxygen as an oxidant. Hydrogen 
gas is fed into the anode (negative electrode) compartment of the cell where it undergoes 
oxidation to produce protons and electrons. Electrons travel through an external circuit to 
generate electricity for a desired device or application, while the protons transverse 
through the electrolyte membrane to the cathode (positive electrode). At the cathode, 
oxygen gas is supplied and undergoes reduction in the presence of protons and electrons 
from the anode, and water is produced. A schematic diagram of a fuel cell component 
system is shown in Figure 1.1.   
 







A PEMFC relies on two reactions to function: the hydrogen oxidation reaction 
(HOR) and the oxygen reduction reaction (ORR). The total theoretical cell voltage for 
these reactions is 1.23 V.3 Their individual cell reactions and standard reduction 
potentials are shown below: 
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1.229	             Equation 1.2 
The heart of a PEMFC is the membrane electrode assembly, or MEA. The MEA 
is comprised of the proton exchange membrane sandwiched between anode and cathode 
electrodes. The membrane is typically composed of a perfluorosulfonic acid (PFSA) 
polymer which allows for the transport of protons but is electronically resistive.3 Anode 
and cathode electrodes consist of an electrochemically active catalyst layer with a gas 
diffusion layer on the opposite side from the membrane. Electrodes can be applied 
directly to the membrane as a catalyst-coated membrane (CCM), or onto the gas diffusion 
layer to make a gas diffusion electrode (GDE). The gas diffusion layer (GDL) is a porous, 
electronically conductive material such as a carbon paper or cloth that provides 
mechanical stability, gas diffusion into the catalyst layer, and transport of electrons to and 
from the catalyst layer.8,9 Bipolar plates provide an electronically conductive path for 
electrons to travel through the external circuit. The internal components of the PEMFC 
are displayed in Figure 1.2. 
 






Considering that the theoretical cell potential for a PEMFC is 1.23 V, and the 
actual operation potential is often lower than 1 V, the power output from one MEA is 
obviously not enough to power an automobile.3 For larger applications, fuel cells are 
connected in series to produce what is referred to as a stack.8 The stack includes channels 
for hydrogen and oxygen gases to flow, but it can be a challenge to design the stack such 
that gases do not mix.8 The total output for a given stack will depend on the total active 
area and the number of cells that exist in the stack.3 Depending on the desired application 
(ex. stationary vs. mobile) factors such as weight and volume dictate how the stack must 
be constructed.3 If the individual cells have a small active area, many cells will be 
required to produce sufficient power for large applications. However, large active areas 
result in cell stacks that require large cables and thus would be subject to substantial 
resistive losses.3 The individual cells in a stack therefore typically have an active area 
between 50 and 300 cm2.3 The maximum stack size depends not only on active area but 
also structural stability and pressure drop through long units.3 Heat exchangers, 
humidifiers, and mass flow controllers for gases have to sufficiently supply all parts of 
the stack, which can make these components challenging to integrate for large systems.8 
PEMFCs are desirable due to their high power density, which has resulted in 
development of units with low size and weight.5 The nature of the proton exchange 
membrane allows the cell to operate under low to medium temperature conditions (< 100 
oC) which means they have rapid start-up and shut down processes.5 The lack of 
corrosive materials in the cell makes them simple to handle and assemble.5 Incorporation 
of PEMFCs into transport systems would cause a reduction in harmful environmental 
contaminants as the only by-product of the reaction is water vapour. Additionally, the use 
of oxygen gas as the oxidant means that air can be utilized from the atmosphere. 
Hydrogen fuel could be dispensed using infrastructure similar to what currently exists for 
gasoline, in the sense that refueling stations would allow consumers to drive in and 
replenish their fuel supply in a matter of minutes.10 These attributes make PEMFCs 







1.1.1 Humidification and Balance of Plant 
Water plays an integral role in PEMFC operation. The production of water at the 
cathode as opposed to other compounds is a major reason why fuel cells are studied as 
“green” (or clean) power generation devices.5 However, current PEMFC technology 
relies on water for the function of multiple fuel cell components. Water, in both liquid 
and vapour form, moves through the porous cathode catalyst layer and the gas diffusion 
electrode.3 Water from the cathode can also travel through the membrane via back 
diffusion to enter the anode and from the anode by electro-osmotic drag to the cathode.3 
Since water is able to aid in transporting protons, the proton conductivity of the fuel cell 
membrane is dependent on its water content.3 When the membrane is fully hydrated, it 
tends to exhibit its highest proton conductivity. Conversely, when water content in the 
membrane decreases so does conductivity and overall cell efficiency. This tends to limit 
the ability of Nafion to function in dry environments. The amount of water that a 
membrane can hold depends on whether the water is in liquid or vapour form.3 As the 
membrane accumulates water, it begins to swell. When Nafion is used as a proton 
exchange membrane, the changes in dimension upon water uptake are in an order of 
magnitude of 10%.3 This is quite significant and must be accounted for when designing 
the cell. 
As previously mentioned, water generated at the cathode can be transported to the 
anode. The production of water creates a concentration gradient across the hydrated 
membrane and thus diffusion occurs to alleviate this concentration differential.3 A 
significant pressure differential between the anode and cathode can also initiate water 
diffusion.3 Since hydrogen and oxygen both have solubility in water, the movement of 
water between the two electrodes can also introduce reactant gas into the wrong 
compartment.3 While water can help conduct protons, too much water in the catalyst 
layer will restrict gas transport. The employment of a gas diffusion layer can help 
alleviate water accumulation in the cathode by providing a pathway for water to flow.3 
The reactant gases used in an operating fuel cell are typically humidified to aid in 






reactant gases through a water-filled bottle with a heater, or water/steam injection can be 
performed.3 Both gases may be saturated, or the oxidant may be less humidified since 
water will be produced at the cathode. Regardless of the humidification method used, 
energy must be applied to heat stored water to the correct temperature, and in a fuel cell 
system these components will add to weight and space considerations.3 This affects the 
overall balance-of-plant for the system, as energy needs to go into the system to maintain 
sufficient hydration to facilitate energy production. Ideally, the fuel cell will produce 
more electricity than it requires, but every added module that requires power to keep the 
cell running decreases the balance-of-plant. As the operating temperature increases, the 
amount of water vapour in the gas will increase and thus issues due to excess water may 
manifest which limit cell performance. An efficient fuel cell design would use waste heat 
and the water produced to humidify gases over long operating periods.3 
1.1.2 Durability and Transport 
For a PEMFC to be considered for commercial production, the cell and its 
individual components must meet certain efficiency and long-term durability 
specifications. The U.S. Department of Energy (DOE) is one of several organizations 
which have amassed a set of performance targets to achieve before commercial 
application of PEMFCs can be considered. Table 1.1 summarizes some of these targets 
for PEMFCs and their individual components. It is anticipated that PEMFCs for 
transportation applications will be required to operate when environmental conditions are 
between -40 oC and 40 oC.1 These targets change every several years to take into account 
financial inflation and advancements in technology. Between 2010 and 2015, the target 
cost of electrocatalysts for automotive applications is to drop from $5/kW to $3/kW per 
stack, but they must be have the ability to maintain 5000 hours (150 000 miles at 30 
miles/hour) of cycling with less than 10% efficiency loss at operating temperatures at or 
above 80 oC to be considered viable.1,11 In the case of 2015 targets, the membrane must 
function without external humidification1 which suggests that it may not be possible to 








Table 1.1. DOE targets for PEMFC systems. Adapted from Mench, 2008 (Reference #1). 
 
Monitoring the durability of PEMFC components can be done using a variety of 
methods. Instances of idling or low current load can prompt the formation of radicals 
which attack the membrane and cause a decrease in the electrochemical surface area 
(ECSA) of platinum, thus cyclic voltammetry is a method commonly used to examine 
changes in accessible catalyst area.1 Saleh and Easton have developed an accelerated 
testing protocol for catalyst materials using electrochemical impedance spectroscopy to 
evaluate durability of both the catalyst and the carbon support in a half-cell 
electrochemical set-up.12,13 Hydrodynamic voltammetry (rotating and rotating ring risk 
electrodes) can monitor changes in catalyst activation and ECSA, as well as peroxide 
production.1,11 Peroxide can be generated when the reaction to produce water undergoes a 
2-electron process instead of a 4-electron process which produces hydrogen peroxide as 
an intermediate.11 The formation of hydrogen peroxide proceeds as: 
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Application Efficiency Durability (Hours) Cost, 2010 Cost, 2015
Transportation 60% 5000 $45/kW $30/kW
Membrane Targets
Characteristic Units 2005 Status 2010 2015
Cost $/m2 25 20 20
Durability with cycling ≤ 80oC Hours ~2000 5000 5000
Durability with cycling >80oC Hours N/A 2000 5000
Electrocatalyst Targets (Stack)
Cost $/kW 55 5 3
Durability with cycling ≤ 80oC Hours ~2000 5000 5000
Durability with cycling >80oC Hours N/A 2000 5000
Electrochemical area loss % 90 <40 <40
Electrocatalyst loss mV after 100 







Hydrogen peroxide can cause degradation of the ionomer and reduce energy 
conversion efficiency.1,11 Changes in polarization curves can reveal deficiencies due to 
activation, ohmic, and concentration losses.1,3 Details of these measurements are 
described in Section 1.6 and also in relevant chapters. It is imperative that new materials 
for PEMFCs are tested for their long term stability to determine if they are truly viable 
for transportation applications based on DOE targets.  
1.2 Traditional Fuel Cell Electrode Structures 
The electrodes in a PEMFC are integral components that must facilitate several 
different processes. A typical electrode consists of a catalyst, an electronically conductive 
material, and a proton-conducting ionomer. Platinum has been studied extensively and is 
the best catalyst for the hydrogen oxidation reaction (HOR) at the anode and oxygen 
reduction reaction (ORR) at the cathode.3 While the HOR is a fast electrochemical 
reaction, the ORR is considerably slower and thus fuel cell reaction kinetics are greatly 
affected by the reaction rate at the cathode.11 Therefore, a high surface area of platinum 
catalyst needs to be accessible to keep reaction efficiencies high. Initial fuel cell 
electrodes used pure platinum to facilitate reactions, but platinum metal is expensive and 
increasingly rare.9,14 By simply switching from pure platinum electrodes to carbon-
supported platinum catalysts, a 10-fold reduction in catalyst loading was achieved from 4 
mg cm-2 down to 0.4 mg cm-2.11,15 The carbon acts not only as a high surface area support 
for the catalyst, but as the source of electronic conductivity in the catalyst layer. Proton 
conducting ionomer aids in transporting protons to and from platinum and acts as a 
binder to provide mechanical stability for the catalyst and carbon support.11 Ideally, the 
resulting electrode is porous and will facilitate gas transport. Figure 1.3 is a 
representation of a typical PEMFC cathode. 
The site at which protons, electrons, and gases convene is typically referred to as 
the “three phase boundary”, as all three phases must exist at once.9 To improve electrode 
efficiency, more of these three phase sites need to be present but it can be difficult to 
achieve this degree of structural control. Conventional catalyst layers are prepared by 






them to either the membrane or gas diffusion layer.3,11 Too much ionomer will block 
catalytic sites and prevent gas diffusion, while too little ionomer can reduce proton 
conductivity and compromise the catalyst structure. Thus, it is imperative to maintain an 
optimal balance of components in the catalyst layer to achieve maximum cell efficiency. 
A perfect cathode catalyst layer would possess the following attributes11: 
1. A large interface between gas phases, polymer electrolyte, and catalyst 
2. Extremely efficient proton transport 
3. Superior ability to transport oxygen into and remove water from the catalyst 
layer 
4. High electronic conductivity 
5. Exceptional chemical resistance and mechanical properties to retain porous 
structure during cell operation 
6. High contaminant tolerance 
Since there is no viable alternative to platinum as a catalyst for the ORR, it is 
crucial that the platinum utilization in the catalyst layer is high and not restricted by poor 
transport. Simply adding more platinum is not the answer as it will drive up the overall 
stack cost. This means that catalyst layer design must allow for plenty of three-phase 
boundaries and the components used must achieve the properties listed above. 
 
Figure 1.3. Representation of a PEM fuel cell cathode. Reprinted from Litster, S.; McLean, G. PEM fuel 






1.3 Proton Conducting Ionomers  
In 1967 the polymer “Nafion” was developed by Dupont as an electrolyte for the 
chlor-alkali process, but was later introduced into PEMFC fuel cells to improve those 
used in the NASA Gemini spacecraft missions.8,16,17 Since its inception as a proton 
exchange membrane, it has become the de-facto standard in PEMFC technology.8 Nafion 
is a perfluorosulfonic acid ionomer, with a fluoroethylene backbone and a side chain with 
a terminal sulfonic acid group. The general structure of Nafion can be seen in Figure 1.4. 
Multiple variations of this type of polymer have been prepared by different manufacturers 
but the general structure is the same. The replacement of hydrogen with fluorine in the 
polyethylene backbone leads to strong bonds which are chemically resistant to many 
species.8 The backbone, similar to its analog polytetrafluoroethylene (PTFE), is 
hydrophobic and will contribute to water management properties. To be proton 
conductive, the sulfonic acid side chain is added.8 This sulfonic acid group is ionically 
bonded and thus exists as a SO3- ion.8 Since both SO3- and H+ ions are present, side chain 
molecules have a strong mutual attraction and cluster together within the material.8 
Sulfonic acid groups are very hydrophilic and water will permeate into the clusters to aid 
in the creation of channels through which protons can be transported.8 
 
Figure 1.4. Structure of Nafion. 
 
The catalyst layer typically employs Nafion as the ionomer as it results in lower 
interfacial resistance and more reliable proton transport when Nafion membranes are used 
as well. Since water is essential for sufficient proton conduction, Nafion ionomer 
performs optimally in a limited range of temperature and humidity conditions and 
perform poorly in low water environments.18 This is a limitation when it comes to 






and 40 oC.1,5 Additionally, the quantity of Nafion used in the catalyst layer is important to 
monitor as it affects catalyst utilization, proton conductivity, and MEA durability.11  
The use of alternative ionomer materials may alleviate some of the issues 
experienced with employing PFSA. Additionally, Nafion and its counterparts are 
expensive whether in their solid or liquid forms.14 Research is being conducted on new 
and inexpensive ionomer materials, though typically as a solid electrolyte membrane as 
opposed to an electrode component. As with PFSA materials, alternative ionomers should 
be chemically resistant, proton conductive, and electronically insulating.8 Hydrocarbon-
based ionomer materials such as sulfonated poly(ether ether ketone) (SPEEK)14,19-23, 
sulfonated polyphosphazene24, polysulfones25, and polybenzimidazole (PBI)26 have 
shown some promise. While they may remedy some of the drawbacks of Nafion, each 
new ionomer has its own set of limitations to overcome. Methods of reducing Nafion 
content via surface-modification of the carbon support have proven to be fairly 
effective.27-34 For PEMFCs to achieve wide-spread commercialization, limitations caused 
by the use of PFSA ionomers will need to be mitigated.   
1.4 Gas Diffusion Layers  
 The gas diffusion layer (GDL) in a PEMFC has more functions than its name 
reveals. The GDL not only facilitates gas diffusion, but also transport of electrons from 
the external circuit/bipolar plates to the catalyst layer.11 The GDL is often comprised of a 
fibrous carbon material and processed as a paper or fabric.35 This results in a porous 
structure that is able to allow gas transport.35 Many commercial fuel cells use GDLs that 
have been impregnated with PTFE to increase the hydrophobicity of the layer.3,11 By 
introducing a degree of hydrophobicity to the electrode, issues attributed to water 
management can be alleviated.3 Water flooding reduces gas transport and is a detriment 
to performance and durability, but insufficient water reduces proton conductivity.36 The 
amount of PTFE used in the GDL can vary between manufacturers and is often listed as 
proprietary, so it can be difficult to maintain consistent PTFE content.37 Differences in 
fabrication mean that the efficacy of a GDL for transport and water management is 






 To mitigate differences between GDLs and further enhance water management 
capabilities, a microporous layer (MPL) can be added between the gas diffusion backing 
and the catalyst layer.37 The MPL typically contains carbon particles and PTFE. Carbon 
particles ensure adequate electrical conductivity between the GDL and catalyst layer, 
while the PTFE imparts hydrophobicity to the intermediate layer. It has been determined 
that for regions of high current density (where the majority of water is produced), the 
presence of a MPL at the electrode provided better performance than traditional electrode 
constructions.38 Anderson et al.36 found that cathodes without a MPL were saturated with 
water and had a lower cell voltage than those with a MPL. A study by Qi and Kaufman37 
established that the addition of an MPL could reduce differences between different GDL 
types and different batches of the same GDL material, and enhance fuel cell performance. 
It has been postulated39-41 that the MPL functions to improve the back-diffusion of water 
to the membrane and anode to alleviate cathode catalyst layer flooding. Additionally, the 
reduction of water in the cathode layer improves oxygen transport.39-41 
 
1.5 Ceramic Carbon Electrodes 
 One method of improving performance of PEMFCs is through construction of 
new electrode support structures.15 Typical methods of electrode fabrication involve 
mixing the carbon-supported platinum and Nafion ionomer without any further treatment, 
a process which does not guarantee sufficient accessibility of platinum in the catalyst 
layer. Electrode modification can be accomplished with use of organic-inorganic hybrid 
materials42-45 to improve platinum access and increase triple-phase boundary sites. 
Ceramic carbon electrodes (CCEs) are promising candidates for use as fuel cell 
electrodes based on this methodology. Their fabrication method, the sol-gel process (see 
following section), lends a tunable nature that can be manipulated to achieve success in 
many energy-related applications such as fuel cells46-48, sensors49-53, supercapacitors54,55, 
and hydrogen generation processes56-58. CCEs are composed of carbon particles and a 
ceramic binder, which can be chosen to impart desired functionalities depending on the 
application process chosen. For example, Ranganathan and Easton56,57 selected 3-






facilitate transport of anionic species for CCEs examined as anodes for the generation of 
hydrogen using the Cu-Cl thermochemical cycle. Abbaspour et al.49 developed a method 
of preparing CCEs via microwave irradiation of methyltrimethoxysilane and carbon 
nanotubes for detection of low concentrations of adenine and guanine in herring DNA.  
 
Figure 1.5. Representation of CCE structure. Black (large) circles = carbon, white (medium) circles = 
silane, red (small) circles = platinum. 
 
For fuel cell electrodes, the carbon component exists as electronically conductive 
carbon-supported Pt catalyst. The ceramic binder acts as the ionomer and replaces Nafion 
in current catalyst layer constructions, and functions as a scaffold to create a porous 
electrode structure. A representation of the CCE structure is shown in Figure 1.5. 
Previous work showed that introduction of a hydrophilic SiO2 backbone using 
tetraethylorthosilicate (TEOS) as a silane precursor provided some degree of proton 
conductivity to fuel cell cathodes without the presence of a sulfonated functional group.47 
Kim and Kohl found that CCEs prepared using a combination of 90% 3-(trihydroxysilyl)-
1-propane sulfonic acid (TPS) and 10% 3-glycidoxypropyltrimethoxysilane (GPTMS) 
had improved catalytic activity and stable performance in a direct methanol fuel cell.48 
Lin et al. developed electrodes for PEMFCs containing combinations of 
bis(trialkoxysilyl)alkanes and TPS which were able to penetrate further into primary 
electrode pores and had higher ECSA values but lower cathode performance than Nafion-
based electrodes.59 To enhance three-phase boundaries, PEMFC cathodes must possess 
sufficient electronic and ionic transport pathways as well as a porous structure for oxygen 
and water to respectively travel to and from catalyst sites. There are many factors that 






stability which could enhance cathode efficiency. These properties will be discussed in 
the next section. 
1.5.1 Sol Gel Method  
The sol gel process has been used to produce ceramic and glass materials since 
the 1800s and continues to be a popular synthetic method today.60 Initial studies involved 
acid hydrolysis of TEOS to produce glass-like silica gels, silica fibres, and optical 
lenses.60 Since those early investigations, precursors used are numerous and varied, and 
thus the materials fabricated become very diverse. The term “sol gel” refers to the fact 
that reactants consist of a “sol” or dispersion of colloidal particle in a liquid “gel”.60 The 
sol gel process is comprised of three reactions: hydrolysis, alcohol condensation, and 
water condensation. A general example of this reaction mechanism is shown in Figure 
1.6.  
An alkoxide precursor is mixed with water, with or without the “sol”, and 
undergoes hydrolysis which typically produces an alcohol. The hydrolyzed monomer 
then undergoes a condensation reaction to begin forming the polymer. In the case of an 
alkoxysilane, Si-O-Si bonds begin to form. This structure further reacts to construct a 
three-dimensional Si-O-Si network. The hydrolysis/condensation process often involves a 
catalyst, either acid or base, to help drive the reaction.61 Some alkoxides may contain 
non-hydrolyzable side chains, and thus the functional group is retained in the final 
structure. Water and alcohol produced during polymerization are trapped in the porous 
network and must be removed through drying (either heat or supercritical CO2).61 If the 
solid particles have been added during the hydrolysis and condensation process, they will 
be encapsulated in the resulting porous structure.  
The final product is highly dependent on the concentration of water, the type of 
alkoxide used (functional groups and methyl vs. ethyl components), alcohol type (methyl 
vs. ethyl), reactant temperature/drying conditions, and pH.60 For example, removal of 
liquid via supercritical drying methods will result in a more highly porous structure 
(aerogel) than when the sample is left to dry under atmospheric conditions (xerogel).60 






pH (acid) catalysts will result in linear polymers due to the hastening of hydrolysis and 
slower condensation reaction, while high pH (base) leads to clusters as condensation is 
quicker than hydrolysis.61 This tunable nature offers a degree of structure control that is 
not possible with many other synthetic methods. 
 
Figure 1.6. General schematic diagram of sol-gel process for alkoxysilane precursors. 
 
1.6 Electrochemical Evaluation of PEMFC Electrodes  
1.6.1 Cyclic Voltammetry 
 Cyclic voltammetry (CV) is an electrochemical technique whereby the current 
response is excited by a triangular potential wave form.62 The potential is scanned 
linearly at a constant rate in both the positive and negative directions of a potential range 
and the current response is measured. This current is a result of concentration polarization 
which allows us to correlate the current to the concentration of a species.63 CV 
measurements can be performed ex-situ in a half-cell set-up and in-situ for a fuel cell. In 
the half-cell, a three-electrode set-up is used consisting of a working electrode (with 
deposited analyte), a reference electrode, and a counter electrode.62 For a fuel cell, the 
working electrode (cathode) is under an inert gas (N2) environment and the hydrogen-
saturated anode acts as the reference and counter electrodes.1 When measuring platinum 
catalyst materials as fuel cell cathodes, several peaks result as hydrogen deposition and 























platinum surface. Hydrogen under-potential deposition or desorption peaks occur in the 
range of ca. 0.05-0.40 V (vs. RHE) and are integrated to determine the electrochemically 
active surface area (ECSA) of platinum.1,11 A typical cyclic voltammogram resulting 
from analysis of a carbon-supported Pt catalyst is shown in Figure 1.7. 
 
Figure 1.7. Cyclic voltammogram of carbon-supported platinum catalyst fuel cell electrode. Regions of 
oxide formation (QA) and reduction (QC) and hydrogen formation (HA) and reduction (HC) are noted. 
 
 The ECSA is not a measure of the total platinum content of the catalyst layer, but 
rather the amount of platinum that is available for electrochemical reactions.11 Integration 
of the deposition/desorption peak will result in a charge. The Coulombic charge for the 
adsorption/desorption of one proton per platinum atom is 210 µC cm-2 and therefore the 
amount of active platinum (in m2 g-1) can be calculated.1,11 ECSA is an important quantity 
to measure for fuel cell cathodes as it reveals the ability of the electrode to facilitate the 
ORR. The ECSA can also be monitored over time to reveal durability of the catalyst and 
whether particle growth or poisoning of the catalyst occurs over time.1 
 Cyclic voltammetry can also indicate if other processes occur in the catalyst layer. 






crosses through the membrane to the cathode in the fuel cell, the cyclic voltammogram 
will shift to higher currents and will not be symmetrical around 0 V.   
1.6.2 Electrochemical Impedance Spectroscopy 
 Electrochemical impedance spectroscopy (EIS) is a powerful diagnostic tool used 
to study changes in resistance and capacitance as a function of distance across the catalyst 
layer. Impedance measurements are acquired through perturbation using a potential (or 
current) with a small amplitude (ca. 5-10 mV) AC wave superimposed with a fixed DC 
bias potential.64 Frequency is scanned from high to low values to prompt a response that 
corresponds to different processes transpiring within the cell64 and the phase change and 
amplitude of the response is collected.3 From the impedance response, information about 
electrode resistance and capacitance can be ascertained. 
 Since EIS is characterized in terms of resistors and capacitors, it is important to 
note how we actually obtain impedance. For a resistor, the relationship between potential 
(E), current (I), and resistance (R) is described by Ohm’s law63: 
                                                                   =                                              Equation 1.5   
Capacitors and inductors in a circuit can impede the flow of electrons under AC 
conditions. In the case of these circuit elements the impedance (Z) is related to potential 
and current by63:   
                                                                   =                                              Equation 1.6   
For a known AC amplitude and frequency range, the signal is represented by3,65: 
                                                           =  
!"                                   Equation 1.7   
where Emax is the signal amplitude in volts, ω is the angular frequency (ω=2#f, where f is 
the frequency in Hz), and t is the time in seconds. The response collected is therefore3,65: 
                                                       =  






where Imax is the response amplitude and φ is the phase angle. In the case of a pure 
resistor, the phase angle should be zero and thus the impedance Z is equal to resistance 
R.3 For a capacitor the phase angle is 
&

 and the impedance is represented by3: 
                                                                 = −
'
()
                                            Equation 1.9   
where j is √−1 and C is the capacitance in Farads. Both the resistor and the capacitor will 
contribute to the total value of impedance such that, in the case of a circuit with a resistor 
and capacitor in parallel: 
                                                     +,+- = ./010+,.  2
3
()
                             Equation 1.10  
                                                              = 4  2"	                                      Equation 1.11   
which consists of both real (Z’) and imaginary (Z”) parts. The impedance is typically 
plotted as a Nyquist plot of Z” at the ordinate and Z’ at the abscissa. Note that the units of 
both Z” and Z’ are ohms. 
 To properly evaluate a catalyst layer using EIS, the individual components that 
can contribute to the impedance response must be modelled using an equivalent circuit 
relating the contributions of different circuit elements to the catalyst layer. The 
transmission line model has been extensively evaluated27,64,66-69 as a representation of 
porous catalyst layers. This equivalent circuit, as described by Lefebvre et al.70, consists 
of two parallel resistive rails. One rail represents electron transport through the 
conductive carbon support and the other represents ion transport through the catalyst 
layer ionomer. The rails are connected by capacitors in series to represent the capacitance 
due to carbon and platinum with the assumption that there is a uniform distribution of 
carbon and platinum throughout the catalyst layer. Resistance contributions from the 
electronic rail are considered negligible compared to the ionic resistance because carbon 
is such an effective electronic conductor that Rionic >> Relectronic. Contributions from 
membrane resistance (Rmembrane) shift the resulting Nyquist plot along the real impedance 






under different conditions or from different catalyst layers. This model is valid only when 
oxidant is not present, as oxygen will contribute to charge transfer resistance.12,69 A 
representation of the transmission line model is shown in Figure 1.8.  
 
Figure 1.8. Equivalent circuit diagram (transmission line model) for impedance spectroscopy of porous 
catalyst layers. 
 
 The high frequency region of the Nyquist plot (imaginary vs. real impedance) 
should exhibit a 45o slope, called the Warburg region, which relates to proton migration 
in the catalyst layer.70 Low frequencies display a change in the response which turns up 
to a vertical curve towards the limiting capacitance. This limiting capacitance is related to 
the total capacitance and resistance in the catalyst layer.70 The value of Rionic can be 
determined from the length of the Warburg (45o) region projected onto the Z’ axis which 
gives the value of Rionic/3.70,71 It should be noted that while most models attribute this to 
Rionic, the resistance is in fact the total catalyst layer resistance (RΣ) which consists of 
both ionic and electronic resistance. In the case when electronic resistance is considered 
negligible, such as for fuel cell electrodes containing electronically-conductive carbon, 
the value of RΣ = Rionic.70,71 There are several types of resistance that contribute to the 
impedance response of a MEA in a PEMFC including interfacial charge transfer 
(between the electrode and membrane), membrane resistance, contact resistance, oxygen 
transport resistance, water transport resistance, proton transport resistance, and fuel 
transport resistance.66 If the system under study has slow kinetics, the charge transfer 











transfer.65 Conversely, if the electrochemical reaction occurs rapidly the charge transfer 
resistance will be small in relation to the magnitudes of ohmic resistance and Warburg 
impedance.65 
EIS is advantageous for evaluating fuel cell materials because it can differentiate 
between the individual contributions which result from interfacial charge transfer 
resistance, mass transport resistance in the catalyst layer and GDL, and ionic and 
electronic transport resistances.66 Impedance response in the high frequency region is due 
to charge transfer resistance while the medium and low frequency regions relate to mass 
transport resistance.66 Another significant benefit of EIS measurements is that they take a 
short period of time (a few minutes) to complete but can provide a wealth of 
information.12,64. They can be performed both in-situ and ex-situ, and depending on the 
information desired either N2 or an oxidant can be used at the cathode to obtain an 
impedance profile.69 
 Along with Nyquist plots, it is also useful to visualize impedance response using 
capacitance plots. A capacitance plot is constructed by calculating capacitance from the 
imaginary impedance (C = 1/ωZ”) and plotting against the Z’ axis.70 By plotting 
impedance as capacitance plots, it is easier to discover how resistivity varies across the 
catalyst layer. The initial steep slope in a capacitance plot represents the Warburg-like 
region in Nyquist plots and aids to compare proton conductivity. The horizontal portion 
of the plot showcases the limiting capacitance for the catalyst layer. Since the assumption 
for the model is that capacitance has a uniform distribution across the catalyst layer, the 
capacitance axis can be likened to a distance axis.70 In the case of electrodes that have 
very different limiting capacitance, it can be difficult to elucidate information about 
proton conductivity as the curves overlap at high frequency. Normalizing the plots for the 
limiting capacitance will extract the differences in proton conductivity for different 
catalyst layers. Typical EIS plots of each type discussed above are shown in Figure 1.9. 
1.6.3 Polarization Curves 
 Polarization curves, or current-potential (I-V) curves, are gathered when the cell is 






change in current as a function of potential, or as the change in potential as a function 
current.62,65 When potential is measured, the polarization curve generally begins at the 
open circuit potential  and current is gradually increased with measurements gathered at 
set intervals to obtain the overall profile.3 The theoretical response is a linear relationship 
between cell voltage and current such that the potential does not vary with changes in 
current over the range of study.62 However, many different processes occurring in the cell 
will lead to deviations from linearity.3,11,62 An example of a conventional polarization 
curve is shown in Figure 1.10. A typical polarization curve displays a sharp potential 
drop at low current density (activation polarization), followed by a slower linear drop at 
intermediate current densities (ohmic losses), and at high current densities the curve 
deviates from linearity (concentration polarization).3 
  
Figure 1.9. Typical EIS plots constructed for a fuel cell catalyst layer as (a) capacitance plots, (b) 
normalized capacitance plots, and (c) Nyquist plots. Expansion of the high-frequency region enhances 












 The most basic of the losses exhibited in the polarization curve are those due to 
activation polarization, which result from slow reaction kinetics as the HOR and ORR 
reactions will never reach their true theoretical efficiencies.3,72 The more efficiently these 
reactions can proceed, the lower the contribution from activation polarization. Ohmic (or 
resistive) losses result from the ability of the ionomer to transport protons through the 
membrane and catalyst layers, and from electronic resistance due to contact resistance 
limiting electron transport.3,72,73 Concentration polarization contributions manifest when 
reactant transport is hindered from reaching active sites.3,72 Since all of these losses 
contribute to the I-V curve, analysis can provide information about kinetics, resistance, 
activity, and transport.11 The experimental cell potential is a result of a number of 
overpotentials, or contributions from internal factors, that prevent the system from 
reaching the theoretical potential. A simplified equation to describe the cell potential is11: 
                                        6/-- = 
, − 76+ − 7,8 − 76,96                          Equation 1.12 
where Ecell is the cell potential as determined by experiment, Eo is the theoretical cell 
voltage, and η values are overpotentials due to activation, ohmic, and concentration 
processes respectively. Polarization curves can also be converted to power density curves 
to aid in visualizing performance differences between samples.65    
 







 Differences in polarization curves tend to result when air is used as an oxidant 
opposed to pure oxygen due to the O2 concentration difference at the catalyst.3 The 
dissimilarity between the two curves should be constant if no other factors are influencing 
the curve. A larger potential difference at high current densities is a result of mass 
transport issues, often due to flooding.3 If a mixture containing the same oxygen 
concentration as air and helium (helox) is used at the cathode, losses due to poor oxygen 
transport should not manifest in the curve as oxygen has a higher diffusivity in helium 
than in nitrogen.3 
 
1.7 Thesis Objectives 
 The main objective of this thesis is to determine the viability of ceramic carbon 
electrodes prepared with sulfonated organosilane precursors as electrodes for PEMFCs 
and understand which chemical factors have the greatest influence on their 
electrochemical properties. Specifically, the performance and stability characteristics 
along with inhibitory processes will be examined and evaluated alongside catalyst layers 
containing the industry standard ionomer Nafion. Chapter 3 investigates CCEs prepared 
with the sulfonated precursor TPS as well as composite electrode structures with TPS and 
TEOS in the half-cell. The best performing catalyst layer was tested in the fuel cell and 
compared to a Nafion-containing electrode to assess performance characteristics.  
 Chapter 4 discusses the novel electrode preparation method developed for 
investigating CCE materials in a fuel cell. The CCE begins the sol-gel process and 
finishes gelation on the GDL surface. The activity and performance of the resulting 
catalyst layer, along with materials properties such as composition and surface area, are 
evaluated alongside Nafion-based catalyst layers.  
 Electrodes prepared with Nafion ionomer are often evaluated at 80 oC and 100% 
relative humidity. Chapter 5 will compare the performance of both types of catalyst 
layers at different relative humidity conditions. The silane materials used to construct the 
CCEs have a natural tendency to absorb water, and therefore these catalyst structures may 






resistance and proton conductivity, as well as fuel cell performance, are expected as the 
water content of the MEA changes based on the properties described in Section 1.1.1. 
Parameters will be monitored using CV, EIS, and polarization curves to determine which 
humidity conditions facilitate the best conductivity and performance profile for each 
cathode. 
 Long term stability of new catalyst layer formulations is of concern when 
considering use for transportation applications. The durability of cathode catalyst layers 
prepared using the CCE method during multiple start-stop cycles, as well as throughout 
continuous load testing, is evaluated in Chapter 6. For both types of testing, Nafion-based 
catalyst layers were subjected to the same conditions and comparisons between the two 
types of cathodes have been deduced. 
 In Chapter 7, the specific limitations in performance related to different processes 
are investigated and quantified. Losses related to the membrane, electrode, and GDL can 
be elucidated using different oxidant formulations at the cathode and measuring fuel cell 
performance as a result. The benefits and challenges related to using CCE-based catalyst 
layers are revealed and compared to cathodes containing Nafion to provide a full 
evaluation of CCE cathode catalyst layer function. 
 Together, all of the experiments conducted will provide a detailed understanding 
of the structural and physical characteristics of CCE materials as fuel cell electrode 
structures, and a better understanding of their electrochemical properties as well as 
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Unless otherwise stated, all commercial chemicals and solvents were used as 
received without further purification or work-up. Experimental details in addition to those 
listed in this chapter, and specific details related to a particular experiment, are present 
within the specific chapters. 
2.1 Material Preparation 
2.1.1 Ceramic Carbon Electrode Monolith  
CCE materials were prepared to varying silane concentrations via the sol gel 




 Dry 20% platinum on Vulcan XC72 carbon 
black (E-TEK, 18.2 wt% Pt as confirmed by TGA) was weighed in a clean, dry 50 mL 
glass beaker. Deionized water (Type 1, 8-15 mL) was first added to the beaker to prevent 
platinum ignition upon the eventual addition of methanol. The water and carbon-
supported catalyst were mechanically stirred, after which additions of methanol (Fisher, 4 
mL) and 6 molar NH4OH (Sigma, 10.4 μL) were made. Samples were prepared using 3-
(trihydroxysilyl)-1-propanesulfonic acid, referred to hereafter as TPS (Gelest, 30-35% in 
water), or a combination of TPS and tetraethylorthosilicate (TEOS, Sigma). The silanes 
were added drop-wise to the mixture and the beaker was covered with parafilm wax in 
which small holes were formed to allow for slow solvent evaporation. Weight percent 
ranges for the TPS samples were 31-72%, and for the TPS/TEOS composite samples 
were 4-12% TPS with a total silane composition ca. 40 wt%. The sample solution was 
stirred until all visible solvent had evaporated, after which it was placed in a drying oven 
at 135 
o
C overnight to remove remaining solvent. Dried samples were finely ground 
using a mortar and pestle, and placed in a glass vial for storage. It was also noted that, at 
this stage, if left open to air the CCEs absorbed water from the environment. If CCEs 
began to absorb water, further drying at 135 
o
C was completed before subsequent 
analyses.      
2.1.2 Ceramic Carbon Electrode Fuel Cell Catalyst Layers  
To produce an electrode for analysis in a fuel cell, a novel method of preparation 




similar fashion as detailed above, with the dispersion of 20% Pt on Vulcan XC72 carbon 
black (E-TEK BASF) mixed within a solution of deionized water, methanol, and 6 molar 
NH4OH. Based on previous analysis of CCE monoliths, the silane composition used was 
a 5:95 TPS-to-TEOS mole ratio with a target total silane content of 40 wt%. The mixture 
was allowed to gel for ca. 72 hours after which the partially gelled mixture was spray 
deposited onto a gas diffusion layer using an air spray gun. A schematic diagram of the 
CCE preparation process is shown in Figure 2.1. A detailed description of GDL/MPL 
preparation is discussed in the following section. After deposition, the resulting electrode 
was dried for 30 minutes at room temperature and overnight at 135 °C. Platinum loadings 
of 0.34 - 0.39 mg cm
-2
 were achieved for spray-deposited CCE catalyst layers.  
Figure 2.1. Schematic illustration of the synthesis and concurrent deposition of the CCE catalyst layer to 
form fuel cell electrodes. 
 
2.1.3 Microporous Layer 
 Electrodes for sample analysis utilized a gas diffusion backing consisting of a 
commercially-prepared wet-proofed carbon fibre paper (Toray TPGH-090, 10 wt% wet-
proofing). In order to ensure adhesion of the CCE material (formulated in aqueous 
solution) to the wet-proofed paper, a microporous layer was added in-house to increase 
the surface roughness of the gas diffusion layer and to provide an additional element of 
water management. The microporous layers used were prepared using the procedure 
reported by Qi and Kaufman
3
 and consisted of Vulcan XC72 and Teflon (ca. 2 mg cm
-2
 
Vulcan carbon, 35 wt% Teflon). The carbon black and Teflon were stirred for 2 hours, 























C and sintered at 350 
o
C for 30 minutes at each temperature.   
2.1.4 In-House Gas Diffusion Electrode Preparation 
Gas diffusion electrodes were prepared for testing of standard anode and cathode 
catalyst layers. All in-house electrodes used a carbon fibre paper (CFP) from Toray 
(TPGH-090, 10% wet proofing). To prepare standard electrodes, a solution of Nafion (5 
wt% in alcohols, Sigma perfluoroinated ion-exchange resin or Ion Power Liquion LQ-
1105) was mixed with 20% Pt on Vulcan XC72 carbon black (E-TEK BASF or 
Premetek). Deionized water and isopropyl alcohol were added to the solution to adjust 
consistency for spraying. The resulting mixture was stirred for 2 hours, sonicated for 1 
hour, and stirred for at least 1 hour before spray-deposition onto the CFP. Target 
specifications for the standard Nafion-based GDEs were 0.4 mg cm
-2
 platinum loading 
and 30 wt% Nafion. The resulting GDE was left to dry at room temperature overnight 
and then placed in an oven to dry at 135 
o
C for a minimum of 30 minutes. MPLs were not 
used for standard electrode materials. 
2.1.5 MEA Preparation 
Fuel cell membrane and electrode assemblies (MEA) were prepared by hot-
pressing (150  kg cm
-2
 for 90s at 130 °C) a 5-cm
2
 test electrode (cathode) and a similar-
sized commercial or in-house Nafion-containing anode across a Nafion-212 membrane 
using a Carver laboratory press with temperature controlled heating block. Aluminum foil 
was used to coat the metal blocks before and during pressing to keep the membrane or 
electrode backing from sticking. For comparison, a MEA was prepared using a Nafion-
containing electrode as both the test electrode and the anode.  
2.2 Electrochemical Testing 
2.2.1 Cyclic Voltammetry  
Cyclic voltammetry (CV) measurements were conducted using a Solartron 1470E 
multichannel potentiostat controlled using Multistat software (Scribner Associates). The 




surface area (ECSA) of platinum for electrode materials in both half-cell and fuel cell 
environments. In the half-cell, measurements were obtained for a potential range between 
0 and 1.4 V (vs. SHE) at a scan rate of 100 mV s
-1
. For fuel cell electrodes, CV 
measurements were performed for a potential range between 0.08 and 1.4 V (vs RHE) 
with humidified N2 flowing at the cathode and with the H2 anode serving as both the 
reference and the counter electrode. The desired temperature for analysis was allowed to 
stabilize and a minimum of 20 cycles were performed before collecting CVs. Specific 
details about these measurements for a given experiment are provided in the experimental 
section of the relevant chapter.  
2.2.2 Electrochemical Impedance Spectroscopy 
Electrochemical impedance spectroscopy (EIS) measurements were conducted 
using a Solartron 1260 frequency response analyzer controlled using Multistat software 
(Scribner Associates). The primary goal of obtaining impedance measurements was to 
evaluate the conductivity and resistance of electrode materials in both half-cell and fuel 
cell environments. Electrochemical impedance spectroscopy (EIS) measurements were 
collected over a frequency range of 100 kHz to 0.1 Hz at a DC bias potential of 0.425 V 
(vs. RHE). EIS data was analyzed using a finite transmission-line model developed by the 
Pickup group
4,5
 (as described in Chapter 1). For fuel cell electrodes, EIS measurements 
were performed with humidified N2 flowing at the cathode and with the H2 anode serving 
as both the reference and the counter electrode. The desired temperature for analysis was 
allowed to stabilize before collecting EIS. Specific details about these measurements for a 
given experiment are provided in the experimental section of the relevant chapter. 
2.2.3 Fuel Cell Performance  
Fuel cell performance (potentiostatic, polarization curve) measurements were 
performed with humidified O2 (or another oxygen-containing gas) at the cathode and H2 
at the anode. As described in Chapter 1, this data allows us to compare power generation 
and reactant transport characteristics for each type of electrode studied. Constant 
potential measurements were performed at 0.5-0.6 V, while polarization curves were 




step. Specific details about these measurements for a given experiment are provided in 
the experimental section of the relevant chapter. 
2.2.4 Half-Cell Electrochemical Measurements 
Samples for half-cell electrochemical measurements were fabricated as electrode 
inks immobilized on glass carbon electrodes.
6
 Inks for each sample were prepared by 
combining CCE monolith material (20-50 mg) with a 50:50 mixture of isopropyl alcohol 
and water to give a total volume of 500 μL. The mixture was sonicated for approximately 
60 minutes until a thick ink-like suspension was formed. A microsyringe was used to 
deposit 2 μL of CCE ink onto a 3 mm diameter glassy carbon electrode (CH Instruments) 
and allowed to dry for 30 minutes in air at room temperature. A Pt loading of 0.15 ± 0.01 
mg cm
-2
 was achieved for all samples. Electrochemical experiments were performed in a 
three-electrode cell (Figure 2.2) constructed with a Pt wire counter electrode and an 
Ag/AgCl reference electrode (CH Instruments). All measurements were obtained in N2-
purged 0.5 M H2SO4 (aq) at room temperature.  
 
Figure 2.2. Half-cell electrochemical set-up for evaluating characteristics of CCE materials. 
2.2.5 Fuel Cell Electrochemical Measurements 
MEAs were tested in a 5-cm
2
 fuel cell test fixture (Fuel Cell Technologies). The 
fuel cell contained graphite blocks with serpentine flow-fields as bipolar plates, and the 





Fuel cell tests for initial, humidity, and durability (start-stop) analyses were 
conducted on a fuel cell test station that was built in-house. Gas flow to the cell was 
controlled using Cole-Parmer flow meters. The gases were humidified by passing the 
reactant gas through a humidifier bottle (Nuvant Systems Inc.) before reaching the cell. 
Teflon tubing was used for the transport of gas from the fuel cell test station to the 
working cell and was connected using stainless steel ¼” Swagelok fittings. These tubes 
were coated with insulating thermal tape to reduce heat loss between the test station and 
the cell. Pressure regulators and gauges on the station allow for a back pressure to be 
applied in order to regulate the cell environment. Temperature controllers (Omega) were 
used to set the desired temperature of the reactant gases, and an external controller 
outfitted with a temperature controller, heater (Omega), and a thermocouple (Omega, K-
type Chromega®-Alomega®) inserted into the fuel cell regulated the cell temperature. 
The fuel cell test station and set-up are shown in Figure 2.3.  
 
Figure 2.3. House-built fuel cell test station.
 
Gases to the anode and cathode could be changed for various test conditions using 
stainless steel 3-way valves (Swagelok) on the test station. Anode gas feeds could include 
H2 or N2, while the cathode supplies were N2 or O2. A tertiary switch was added before 




were available. Flow rates at the anode were typically set at 50 mL/min, while the 
cathode (N2 or O2) was typically set at 100 mL/min. Once the gases passed through the 
fuel cell, they were directed back into the test station and then into a flask containing 
water (cathode) or an external exhaust (anode).  
 
Durability testing performed by Fuel Cell Research Centre (FCRC, Kingston, ON, 
Canada) was conducted on a commercial fuel cell test station (Hydrogenics Test Systems 
G60). Test electrodes were supplied to FCRC for investigation, and MEA fabrication and 
analysis were performed by members of FCRC with guidance related to cell conditions 
from UOIT. MEAs were hot pressed (270 kg cm
-2
 for 4 min at 130
o
C) before being 
placed between double –serpentine flow field plates in conventional PEM fuel cell 
hardware. MEAs consisted of 5 cm
2
 electrodes, with a commercial anode from 
ElectroChem (0.33 mg cm
-2
 Pt, 20% Pt/C, 30% Nafion) and a cathode consisting of either 
Nafion (0.33 mg cm
-2
 Pt, 20% Pt/C, 29.9% Nafion) or CCE (0.39 mg cm
-2
 Pt, 20% Pt/C, 
6:94 TPS:TEOS at ca. 40 wt% silane). Both cathodes were prepared at UOIT as 
described in sections 2.1.2 and 2.1.4. 
 
Transport studies were conducted on a commercial fuel cell test station (Fuel Cell 
Technologies, 120A unit) controlled using Labview software. The station was equipped 
with hydrogen/nitrogen feeds at the anode and oxygen/air feeds at the cathode. External 
plumbing was configured to allow a switch between oxygen and nitrogen feeds, or 
between air, Helox, and 4% nitrogen in oxygen feeds. Mass flow (1179A Mass-Flo 
controller, MKS Instruments) and temperature (Love Inc.) controllers were used to 
control gas flow and gas/cell temperatures using Labview software. A thermocouple 
(Omega, T-type, Copper-Constantan) was inserted into the fuel cell to monitor 
temperature. The gases were humidified by passing the reactant gas through a humidifier 
bottle before reaching the cell. Teflon tubing was used to transport gas from the fuel cell 
test station to the working cell and was connected with ¼” Swagelok fittings. These tubes 
were coated with insulating thermal tape to reduce heat loss between the test station and 
the cell. Pressure regulators and gauges on the station allow for a back pressure to be 




cell, they were directed back into the test station and then into a vessel containing water 
(cathode) or an external exhaust (anode). The commercial fuel cell test station set-up is 
shown in Figure 2.4. 
 
Figure 2.4. Commercial fuel cell test station (Fuel Cell Technologies).
  
2.2.6 Initial Fuel Cell Tests  
MEAs were tested at temperatures between 25
o
C and 80°C, with feed gases (H2 
and O2 or N2) humidified at the corresponding cell temperature at flow rates of 100 
mL/min at the cathode and 50 mL/min at the anode. The gases were pressurized to 10 
psig (170 kPa) at the outlets.  
 
2.2.7 Humidity Fuel Cell Testing 
 Fuel cell testing was performed at a cell temperature of 80
o
C with feed gases (H2 
and O2 or N2) pressurized to 10 psig (170 kPa) at the outlets. The relative humidity (RH) 
levels of the gas feeds were controlled by varying the temperature of the gas humidifiers 
with respect to the cell temperature. In all cases, the anode humidifier bottle was 
maintained at 80
o








C in order to yield 20-
100% RH at the cathode inlet. 
2.2.8 Durability Study Fuel Cell Testing 





with feed gases (H2 and O2 or N2) pressurized to 10 psig (170 kPa) at the outlets for 80 
o
C 
measurements. The relative humidity levels of the gas feeds were controlled by varying 





C measurements, anode and cathode temperatures were set to match the cell 
temperature and maintain 100% RH. Feed gases were set to 50 mL min
-1
 at the anode and 
100 mL min
-1
 at the cathode. 
For FCRC durability testing, fuel cell testing was performed at a cell temperature 
80
o
C, with feed gas flows of 50 mL min
-1
 for the anode and 100 mL min
-1
 for the 
cathode. These gases were humidified to 100% for H2 and 40% for O2 and pressurized to 
70 kPa. The cell was operated continuously under load at a fixed current density of 300 
mA cm
-2
 for 300 hours to test durability, with polarization curves obtained at the 
beginning, middle, and end of the durability test. Polarization curves were collected by 
increasing the load by set amounts until the voltage dropped below 0.3 V, after which the 
load values were decreased using the same interval until the cell achieved open circuit 
voltage. Each current density was held for 30 seconds. 
 
Both CV and EIS measurements were collected at the beginning and end of the 
durability tests using a BioLogic SP-150 potentiostat at a cell temperature of 30 
o
C and 
100% RH. CVs were collected over a potential range of 0.05-1.2 V at 100 mV s
-1
, while 
EIS data was obtained over a frequency range of 0.1 Hz – 100 kHz at a DC bias potential 
of 0.425 V (vs. RHE). 
2.2.9 Transport Study Fuel Cell Testing  
 Fuel cell testing procedures to study transport processes were adapted from 
Sambandam and Ramani.
7
 Firstly, MEAs were tested at 25 
o
C and 100% RH to obtain 




remaining experiments were conducted at a cell temperature of 80 
o
C and with 10 psig 
(170 kPa) back pressure at the anode and cathode. Both control and CCE samples were 
measured with 100% RH at the anode and 75% RH at the cathode. Since CCE 
performance indicated significant mass transport issues, the CCE MEA was also tested 
with cathode conditions of 66% RH, 43% RH, and 20% RH. CV and EIS measurements 
were taken with gas flows of 50 mL min
-1
 for H2 and 100 mL min
-1
 N2 to mitigate H2 
crossover.  
For performance testing, O2 and auxiliary reactant gases were held at a constant 
stoichiometry of 2 with 10 psig back pressure. This resulted in flow rates of 205 mL min
-
1
 and 100 mL min
-1
 for H2 and O2, respectively. Auxiliary reactant gas flows were set at 
233 mL min
-1
 (air and helox) and 1225 mL min
-1
 (4% O2 in N2) with a constant H2 flow 
of 100 mL min
-1
. Oxidant gases were tested in the order of: O2, air, helox, and 4% N2 in 
O2. Potentiostatic holds of 0.5-0.7V were used to aid with conditioning and ensure stable 
performance before polarization curves were taken. After performance measurements 
were finished for the MEA, CV and EIS measurements were again taken at 25 
o
C and 80 
o
C to examine changes in ECSA, conductivity, and resistance. 
 
2.2.10 Reproducibility of Fuel Cell Results 
 Due to the methods used to fabricate electrode surfaces for fuel cell studies, it is 
particularly difficult to reproduce results with a high degree of precision. However, the 
results obtained in this study were relatively reproducible and the experimental results 
discussed are representative of typical sample responses. 
2.3 Fourier Transform Infrared Spectroscopy 
 Fourier-transform infrared (FTIR) spectroscopy was performed (PerkinElmer 





2.4 BET Analysis 
Brunauer-Emmett-Teller (BET) surface area information was collected via the 
single-point BET method using a Gemini VII 2390 Series surface area analyzer. These 
measurements were performed by Trent University. BET surface areas and pore size data 
were collected via the multi-point BET method using a Micrometrics ASAP 2020 V4.00 
physisorption analyzer. These measurements were performed by Micrometrics Analytical 
Services. 
2.5 Thermogravimetric Analysis 
Thermogravimetric analysis (TGA) was performed using a TA Instruments Q600 SDT 
thermal analyzer. Samples (ca. 10 mg) were heated from room temperature to 800 
o
C at a 
rate of 20
o
C/min under flowing air (50 mL/min), which enables the determination of the 
weight percent of the individual components.
1,8,9
  
2.6 Scanning Electron Microscopy  
Scanning Electron Microscopy (SEM) images of CCE layers were acquired using 
a JOEL JSM 6400 SEM.  
2.7 Transmission Electron Microscopy  
Transmission electron microscopy (TEM) images of the E-TEK catalyst material and 
the CCE layer were acquired using a Philips CM 10 instrument equipped with an AMT 
digital camera system. These measurements were performed by Western University.   
2.8 Inductively-Coupled Plasma Optical Emission Spectroscopy 
 Inductively-Coupled Plasma Optical Emission Spectroscopy (ICP-OES) was 
performed on cathode effluent during testing of SS-CCE and control electrodes 
containing Nafion, to determine possible MEA degradation products and mechanisms due 
to multiple start-stop cycles. The elements of interest were silicon and platinum, which 




present due to breakdown of the catalyst layer (TPS) or the membrane (Nafion). The 
cathode gas was purged in 100 mL of deionized water (Type 1), which was refreshed 
daily. A sample for ICP analysis was prepared by taking 40.0 mL of the effluent and 
transferring it to a 50.0 mL volumetric flask, and diluted to the mark with deionized 
water. Samples taken over 12 consecutive days of fuel cell measurements were tested. A 
blank solution containing 2% v/v HNO3 in deionized water was also prepared. All 
standards and samples contained 2% v/v HNO3. 
A set of mixed standard solutions was prepared containing S, Si, and Pt were 
prepared with concentrations ranging from 0.5-20 ppm from stock ICP standard solutions 
of S (1000 ppm in 3% HNO3, Spectropure), Si, (1000 ppm in reagent grade I water, 
Spectropure) and Pt (1000 mg/L in 10% HCl, Assurance). The results from analysis of 
the standards were used to construct calibration curves, so concentrations in the samples 
could be determined. ICP-OES analysis was performed using a Varian Vista-MPX (CCD 
Simultaneous ICP-OES) at wavelengths of 181.972 nm (S), 251.611 nm (Si), and 
214.424 nm (Pt). Each standard and sample was measured in triplicate to determine the 
average concentration of each element. 
FCRC effluent analysis consisted of water collected from the cathode outlet a few 
times through each of the tests.  Only the water samples from CCE1 cell were analysed 
by Queens Analytical Services and compared to a blank and control (4.0 mg L
-1
 Si and 
2.5 mg L
-1
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3.1 Introduction to CCEs for Fuel Cells 
       
When developing new electrode materials for PEMFCs, ensuring sufficient 
accessibility to platinum surfaces is imperative. High performance is achieved though 
high platinum utilization, but commercialization requires low catalyst loadings to reduce 
cost.
1,2
 To facilitate proton transport to catalyst sites and increase platinum utilization, 
Nafion ionomer is typically added to the catalyst layer. While Nafion exhibits excellent 
proton conductivity, it has several drawbacks including high cost
3
, restriction of gas 
pores
4




. Due to these shortcomings, significant 
research has been performed to develop new and inexpensive alternatives to Nafion such 
as poly(etherketone)s (PEK), polysulfones (PES), and polybenzimidazole (PBI).
6
  
      Typical fuel cell cathodes are prepared by combining ionomer and catalyst 
material to form the catalyst layer which is applied either to a gas diffusion layer or 
directly to the PEM.
7
 The dispersion of the ionomer throughout the catalyst layer has a 
large effect on microstructure and the ability of reactant gases to permeate the cathode.
3
 
Ionomers such as Nafion may form colloidal aggregates which facilitate reactions in 
secondary pores (20-100 nm) but not in primary pores (5-20 nm), resulting in wasted 
platinum present in primary pores.
3
 To improve ionomer dispersion and access to 
platinum sites, we have proposed the construction of the catalyst layer through formation 
of ceramic carbon electrodes (CCEs). CCEs are composed of carbon particles and a 
ceramic binder, and have been developed for use in a number of electrochemical 
applications such as biosensors, electrocatalysis, gas electrodes, and energy storage cells.
8
 
CCE materials are prepared via the sol-gel method to create a gel formed from colloidal 
suspensions. The product is a porous material whose microstructure depends on 




      CCEs are attractive due to their versatility, and their robust and durable nature.
9
 
CCEs can be prepared for specific applications by selecting a precursor containing 
desirable functional groups. To formulate fuel cell cathodes, proton conducting functional 




structure is that the organosilane material would grow into a polymer network around the 
carbon support. This would facilitate a higher proportion of protons to be shuttled to and 
from platinum sites, while the silicate network aids in protecting the carbon support from 
possible degradation. The porous network formed via the sol-gel process would facilitate 
enhanced three-phase boundaries such that gas may reach the solid catalyst particles as 
well as ionomer material. Ideally, replacement of Nafion would decrease pore blockages 
and covered platinum particles. Additionally, the presence of a silicate network with 
hygroscopic properties may resist performance losses under dry conditions, as it has 
enhanced water retention capabilities.  
      This chapter provides an overview of the electrochemical and morphological 
studies conducted on CCE materials prepared with 20% Pt on Vulcan XC72 as the 
carbon-supported catalyst and a sulfonated organosilane precursor. The organosilane we 
chose to investigate, 3-(trihydroxysilyl)-1-propanesulfonic acid (TPS), contains a sulfonic 
acid functional group similar to that found in Nafion ionomers. It is also a hygroscopic 
material which may aid in water retention when operating the fuel cell under dry 
conditions. Composite samples containing both TPS and the unsulfonated precursor 
tetraethylorthosilicate (TEOS) were also prepared to determine the impact that the degree 
of sulfonation has on properties such as surface area and electrochemical performance. 
The goal of this research was to determine if the addition of sulfonate functional groups 
to the CCE structure would enhance electrochemical properties so they would exhibit 
improved fuel cell performance.    
3.2 Experimental  
3.2.1 Ceramic Carbon Electrode Preparation 
 
CCE materials were prepared to varying silane concentrations via the sol gel 
process in a similar manner as previously reported.
10
 Dry 20% platinum on Vulcan XC72 
carbon black (E-TEK) was weighed in a clean, dry 50 mL glass beaker. Deionized water 
(Type 1) was first added to the beaker to prevent platinum ignition upon subsequent 




after which additions of methanol (Fisher) and 6 molar NH4OH were made. One set of 
samples was prepared using 3-(trihydroxysilyl)-1-propanesulfonic acid, referred to 
hereafter as TPS (Gelest, 30-35% in water), which was added drop-wise to the mixture. A 
second set of CCEs were prepared using a combination of TPS and tetraethylorthosilicate 
(TEOS, Sigma) to determine the effects of sulfonation at a constant silane concentration 
of ca. 40%, as our previous research
10
 indicated this was the optimal composition for 
CCEs prepared with TEOS. In each case, after silane additions were made, the beaker 
was covered with parafilm wax. Small holes were formed in the film to allow for slow 
solvent evaporation. The solution was stirred until all visible solvent had evaporated. 
Samples were placed in a drying oven at 135 
o
C overnight to remove remaining solvent. 
Dried samples were finely ground using a mortar and pestle, and placed in a glass vial for 
storage. It was also noted that, at this stage, if left open to air the CCEs absorbed water 
from the environment. If CCEs began to absorb water, further drying at 135 
o
C was 
completed before subsequent analyses.      
3.2.2 Half Cell and Fuel Cell Conditions 
 
Samples for half-cell electrochemical measurements were fabricated as electrode 
inks immobilized on glassy carbon electrodes.
11
 Inks for each sample were prepared by 
combining CCE material (20-50 mg) with a 50:50 mixture of isopropyl alcohol and water 
to give a total volume of 500 μL. The mixture was sonicated for approximately 60 
minutes until a thick ink-like material was formed. 2 μL of CCE ink was deposited using 
a microsyringe onto a 3 mm diameter glassy carbon electrode (CH Instruments) and 
allowed to dry for 30 minutes in air at room temperature. A Pt loading of 0.15 ± 0.01 mg 
cm
-2
 was achieved for all samples.    
 
CCE cathode layers of composite materials were formed by spray-depositing CCE 
material onto the gas diffusion layer (Toray, TPGH-090 with carbon/PTFE MPL, 38.3% 
polytetrafluoroethylene (PTFE), 1.97 mg cm
-2
 Vulcan carbon). Once the CCE materials 
were applied to the gas diffusion layer, electrodes were dried for 30 minutes at room 
temperature and overnight at 135 
o
C. The TEOS control cathode was prepared as 




deposition onto a GDL.
10
 Platinum loadings of 0.34 mg cm
-2
 and 0.22 mg cm
-2
 were 
achieved for the sulfonated and control CCE cathodes, respectively. Fuel cell membrane 
electrode assemblies (MEAs) were prepared by hot-pressing a 5 cm
2
 test electrode and a 
similar-sized Nafion-based commercial anode (ELAT A6STDSIV2.1, Pt loading = 0.50 
mg cm
-2
, proprietary Nafion content) across a Nafion-112 membrane. MEAs were tested 
at temperatures between 25 
o
C and 80 
o
C. Humidified O2 and H2 were supplied to the cell 
at flow rates of 100 mL min
-1
 at the cathode and 50 mL min
-1
 at the anode.  
3.3 Results and Discussion 
3.3.1 Compositional and Morphological Characterization 
 
TGA was performed to determine weight percent composition of CCE monoliths. 
Figure 3.1 shows example TGA and DTG curves for both the TPS-only and TPS/TEOS 
composite samples. All samples exhibited a mass loss between 25 and 200 
o
C due to 
water loss. A mass loss at ca. 200 
o
C was attributed to loss of sulfonic acid groups from 
TPS, and used to aid in the calculation of weight percent composition.
12
 TPS-only 
samples ranged in composition from 31-72% TPS. Mass loss between 350 
o
C and 600 
o
C 
was ascribed to combustion of carbon to CO2, both from the carbon support and the 
propyl side chain of TPS. The remaining mass at 800 
o
C consists of platinum and SiO2. 
The composite TPS/TEOS samples contained 4-12% sulfonate content and an overall 
silane concentration ca. 40%. As with the TPS-only samples, mass loss from 250-600 
o
C 
is due to carbon combustion while the remaining mass at 800 
o
C is platinum and SiO1.5.  
Derivative (DTG) curves indicate that the composite samples may contain more 
water, as the peak between 25 
o
C and 200 
o
C is larger than for the TPS-only samples. It 
can be seen that there is a much greater sulfonate loss for the TPS-only samples, which is 





C, corresponding to carbon combustion, are broader for the TPS-only samples. 
This is again likely due to the low TPS content in the composite samples; the peak is 




obtained under flowing air for the CCE catalyst layers with various silica loadings for 
TPS and TPS/TEOS composite samples. 
 




Table 3.1. TGA and ECSA results for CCEs prepared with TPS and TPS/TEOS.  
 
 
Figures 3.2 and 3.3 illustrate the BET surface area data obtained for both the TPS-
only and composite catalyst materials, respectively. These results were compared to the 
BET surface area of a CCE prepared with the unsulfonated silane TEOS (ca. 45% silane). 
It has been reported in literature that while Vulcan XC72 has a BET surface area of 232 
















































72% TPS 0 31% TPS 0 
64% TPS 4.4 45% TEOS (0% 
TPS) 
10.8 
54% TPS 6.9 
50% TPS 2.8 4% TPS 8.8 
48% TPS 14.1 6% TPS 9.5 
47% TPS 8.6 9% TPS 6.3 











 Anderson et al. demonstrated that CCEs consisting of Pt/C-SiO2 can have BET 






 It should be noted that Anderson et al. used supercritical 
CO2 in the drying of their materials, which aids in retention of pore structure and likely 
accounts for the difference in surface area compared to our materials. The control sample 




, showing an increase 
in surface area with the addition of silica to the catalyst material. TPS-only samples had 




 in all cases. We believe this is due to the 
presence of the sulfonated side chain on the TPS, which may prevent some degree of pore 
formation. The TPS/TEOS samples had much higher BET surface areas than the TPS-





which is closer to the control 45% TEOS sample than the TPS-only samples. By 
fabricating the electrode materials to contain small amounts of sulfonated silane, we have 
been able to retain a porous electrode structure with a high surface area.  
 































Figure 3.3. BET surface area analysis obtained for the composite TPS/TEOS CCEs. 
 
SEM imaging was performed on the ground CCE samples. The SiO2 network is 
visible in the TPS-only samples (Figure 3.4), and there appears to be a relatively uniform 
distribution of components throughout the CCE. However, the samples do not appear to 
be very porous, as there is no discernible pore structure visible. For the TPS/TEOS 
samples (Figure 3.5), there appears to be little agglomeration of Si evident. The 
composite samples display more porosity, as evidenced by the BET analysis, while 
having maintained a consistent component distribution. 
3.3.2 Half Cell Electrochemical Characterization 
 
Figure 3.6 shows cyclic voltammograms (CVs) obtained for CCE catalyst layers 
with various concentrations of TPS (no TEOS). It was noted that the samples containing 
31% and 72% TPS did not display any detectable peaks in the hydrogen desorption 
region. The absence of peaks indicates there is either insufficient (for 31%) or excess (for 
72%) TPS present, which hinders reaction efficiency at platinum sites. Through 





























Figure 3.4. SEM images obtained for TPS-only CCE (McMaster).
 
 




(ECSA) of Pt was determined for each of the TPS samples, which are summarized in 









, respectively, which were higher than the ECSA calculated for the 








Figure 3.7 displays CVs for composite TPS/TEOS catalyst layers. Peaks 
attributed to hydrogen adsorption and desorption are slightly better resolved than for the 
TEOS control sample. The ECSAs of the composite samples are also summarized in 
Table 3.1. While the ECSAs for composite samples were not considerably different than 
for the TEOS control, it is possible that reactions on the platinum sites were proceeding 
more efficiently than those in the TEOS sample, which led to better peak resolution. It is 
somewhat surprising that the ECSA for the TPS/TEOS samples are similar to the TEOS 
control when their BET surface areas are lower. It is possible that while we are accessing 
roughly the same amount of platinum in both sets of samples, the available carbon 
surface area has been reduced due to TPS filling the carbon micropores. 
 
Figure 3.6. Half-cell CVs obtained for CCE catalysts layers of various TPS loadings. A Pt loading of 0.15 




Figure 3.7. Half-cell CVs obtained for CCE catalysts layers of various TPS/TEOS loadings. A Pt loading of 
0.15 mg cm-2 was used in all cases. 
 
To study variations in proton conductivity for different catalyst layers, 
electrochemical impedance spectroscopy (EIS) was performed. The impedance responses 
of both TPS-only and TPS/TEOS composite samples were studied as a function of silane 
content and are shown in Figure 3.8 as Nyquist plots. The sulfonated CCE materials were 
compared to the control TEOS CCE, and to a standard catalyst layer composed of Pt/C 
and Nafion. Figure 3.8a shows that ionic resistance decreases with increased TPS content 
up to a limiting value of 48%, after which ionic resistance increases. For composite 
samples, the plot in Figure 3.8b shows that addition of small amounts of TPS to the 
predominantly TEOS ionomer mixture greatly decreases the ionic resistance within the 
catalyst layers. The lowest ionic resistance occurs in the 4% and 6% TPS composite 
samples.  
 
To better illustrate the variability of proton conduction between catalyst layers, 
the EIS data was displayed using capacitance plots.
14,15





Figure 3.8. Nyquist plots obtained for (a) TPS-only and (b) TPS/TEOS catalyst layers with various silicate 
loadings (TPS:TEOS). Control data (Pt/C + Nafion standard, TEOS control) are shown as solid symbols; 
open symbols are sulfonated CCEs.  
 
visualization of conductivity in the catalyst layer and active area at once. The steepness of 
the slope in the high frequency region of the plot indicates proton conductivity, such that 
a steep slope is indicative of high proton conductivity. Limiting capacitance for each 
sample is proportional to active area
14,16
, therefore a high limiting capacitance signifies 
that a large portion of the catalyst layer is utilized. Figure 3.9 shows the capacitance plots 
for the TPS-only (a) and TPS/TEOS (b) electrodes. For the TPS-only CCEs there is an 
increase in ECSA with increasing TPS content up to a limiting value of 48%, after which 
ECSA decreases (as modeled by the CV data). This decrease is likely due to excessive 
silicate covering surface platinum sites and blocking pores. Upon comparison of slopes, it 
is apparent that use of silanes containing sulfonate groups increases the proton 
conductivity of the catalyst layer. 
For composite samples, the capacitance is similar for all four samples, but oddly 
is lower than for the TEOS control. This indicates that there is a reduction in capacitance 
of the CCEs when TPS is added. As capacitance is proportional to active area, we would 




However, ECSA is a representation of available platinum area while capacitance is 
indicative of carbon area. It appears that composite samples have high BET surface area 
and similar platinum area to the TEOS control, but the carbon area and thus capacitance 
are lower. This may be due to TPS filling carbon micropores, which could account for the 
large decrease in capacitance upon addition of TPS to TEOS without drastic reduction in 
BET surface area or ECSA. Conversely, proton conductivity is much higher for the 
TPS/TEOS samples than the TEOS control, and the slope of the 4% TPS sample in the 
high frequency region is initially comparable to the slope of the standard Nafion 
electrode.        
Figure 3.9. Capacitance plots obtained for (a) TPS-only and (b) TPS/TEOS catalyst layers with various 
silicate loadings (TPS:TEOS). Control data (Pt/C + Nafion standard, TEOS control) are shown as solid 
symbols; open symbols are sulfonated CCEs.  
  




) and the limiting 
capacitance for both the TPS and TPS/TEOS electrode materials. Peak electrochemical 
performance for the TPS-only samples appears to occur between 40-50% TPS. The 
composite samples exhibit lower ECSAs than that of the TEOS control sample, but 
proton conductivity appears remarkably improved. Figure 3.11 compares the total 




3.11a, it is apparent that the total resistance of the TPS-only samples is lowest when the 
silane content is 48% TPS. The Nafion-containing electrode has the smallest RΣ value of 
all samples tested, which is expected as Nafion is an excellent proton conducting ionomer 
so the contribution of ionic resistance to the total resistance should be low. The 
TPS/TEOS samples had consistently lower RΣ values than the TPS-only samples, 
indicating that too much or too little silane has a negative effect on the ability of the 
catalyst layer to conduct protons or electrons. At low silane concentrations there are 
fewer sulfonic acid groups to facilitate proton conduction, but a high silane 
concentrations excess silicate can act as an insulator and restrict electron pathways to 
increase the electronic resistance. In fact, when compared to the TEOS control sample, 
most of the TPS-only samples had higher RΣ values and thus the addition of sulfonate 
groups did not simply reduce contributions of ionic resistance. Of the composite samples, 
the 4:96 sample had the lowest RΣ value and was closest of all electrodes tested to the RΣ 
value of Nafion. 
 
Figure 3.10. Trends in ECSA and limiting capacitance for a) TPS-only CCEs and b) TPS/TEOS composite 






Figure 3.11. Variation of total electrode resistance as a function of silane content for a) TPS-only CCEs and 
b) TPS/TEOS composite CCEs.   
 
3.3.3 Fuel Cell Characterization 
     
Fuel cell MEAs were constructed to compare the properties of the most active 
CCE-based catalyst layer containing TPS (6% TPS/94% TEOS) to a control CCE catalyst 
layer that does not contain sulfonate groups (45% TEOS). Figure 3.12 compares the fuel 
cell polarization curves obtained with both composite and control CCE-based cathodes. It 
is clear that incorporation of sulfonate groups into the CCE structure has a profound 
effect on performance. The addition of 6% TPS to the TEOS-based CCE system has 
greatly increased the performance of the catalyst layer compared to the TEOS-only CCE. 
The sulfonic acid groups of the TPS have effectively increased the proton transport 







Figure 3.12. Comparison of H2/O2 fuel cell polarization curves obtained for the 6:94 TPS/TEOS CCE-
based cathode catalyst layer with that obtained with a 45% TEOS CCE-based cathode catalyst layer. 
Measurements were made at 60oC at 100% RH. 
3.4 Conclusion 
        
The sol-gel method was used to fabricate ceramic carbon electrodes using the in-
situ polymerization of silane materials containing sulfonic acid groups in the presence of 
20% Pt on Vulcan XC72 carbon black. Samples were prepared using TPS as well as a 
combination of TPS and TEOS to determine effects of sulfonation on morphological and 
electrochemical properties of fuel cell cathode materials. For TPS samples, maximum 
electrochemical performance in terms of ECSA and limiting capacitance were observed 
for 42% and 48% silane loadings. However, BET analysis indicated this came at the price 
of reduced surface area and porosity. Composite samples showed peak electrochemical 
performance for the 4% and 6% TPS samples, while the overall BET surface area of the 
samples was retained. The preservation of surface area is due to TEOS comprising the 




ability for reactants to penetrate the microstructure and access platinum sites. Fuel cell 
testing has shown that incorporation of small amounts of sulfonic acid to a CCE-based 
cathode catalyst material can greatly enhance performance compared to a TEOS-based 
CCE control. The hygroscopic and durable nature of these CCE catalyst layers is 




 To better understand the effects that these structures can have on electrode 
performance, further fuel cell characterization is required. Optimization of CCE 
preparation methods would allow for more efficient fabrication of fuel cell gas diffusion 
electrodes and increased throughput in terms of the number of electrodes that can be 
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Chapter 4:  
 
Fuel Cell Electrode 
Structures containing 
Sulfonated Organosilane-
based Proton Conductors 
 
 
Part of the work described in this chapter has been published as: 
 
Eastcott, J.I.; Yarrow, K.M.; Pedersen, A.W.; Easton, E.B. J. 





4.1 Introduction to CCE Membrane Electrode Assemblies 
 
Proton exchange membrane fuel cell technologies still face several challenges that 
must be addressed before they can be considered economically viable for large scale 
implementation. Currently, platinum is the best performing cathode catalyst but it is an 
expensive and somewhat rare metal. Our research aims to reduce the amount of catalyst 
required by improving the utilization of platinum surface area. 
 
Catalyst layers are normally composed of a carbon-supported platinum catalyst 
that has been mixed with Nafion ionomer.
1
 Nafion serves to increase proton conductivity 
within the catalyst layer, which improves catalyst utilization.
2
 However, excess Nafion is 
detrimental to fuel cell performance since it restricts gas flow (and is also expensive). 
Consequently, there is a great desire to reduce or replace Nafion with a cheaper and more 
effective material. Two main approaches have been reported in literature to achieve this. 
The first approach has been to reduce the amount of Nafion by adding other proton 
conducting materials to the catalyst layer. Most commonly, this has been done through 
surface modification of the carbon support.
3-10
 The second approach has been to entirely 
replace Nafion in the catalyst layer with a hydrocarbon-based ionomer, which has been 
recently reviewed by Peron and co-workers.
11
 Common hydrocarbon ionomers studied 







.   
One emerging type of electrode structure is a ceramic carbon electrode (CCE). 
CCEs consist of electronically conductive carbon particles that are bound together by a 
ceramic binder formed through the sol-gel process
19,20
 and are promising candidates for 
electrochemical applications, including fuel cells
21-23
. We have developed a CCE 
fabrication procedure where the organosilane precursors are mixed with the (catalyzed or 
un-catalyzed) carbon in monomer form and subsequently polymerized, and have 
demonstrated the viability of SiO2-based CCEs for H2/O2 fuel cells electrodes
22
. While 
Nafion-based electrodes outperformed the SiO2-based CCE, the conductivity and 
electrochemical surface area (ECSA) for these layers were impressive considering there 




This chapter will provide an overview of 3-trihydroxysilyl-1-propanesulfonic 
acid/TEOS-based CCEs prepared by in-situ polymerization of the silane with concurrent 
spray deposition of the partially gelled ink. The fuel cell performance of these CCEs are 
reported and related to proton conductivity within the catalyst layer. 
4.1.1 Microporous Layer (MPL) Development 
  
Traditional methods of CCE fabrication include the combination of precursor 
materials with initiation of the gelation process, allowing the materials to react. 
Permitting the reaction to go to completion will result in a solid monolithic material. To 
be used as a fuel cell electrode, this monolith must be finely ground, re-suspended in 
solvent, and applied to the GDL, which requires much extra time and labour. 
Additionally, grinding and re-suspension breaks down the intricate porous network 
constructed during gelation. By combining precursors, initiating gelation, and spraying 
the material while still in a suspended state, the CCE will complete the reaction process 
on the GDL material to result in a homogeneous, porous electrode that is firmly adhered 
to the substrate. This should decrease issues associated with interfacial resistance and 
delamination, and provide a superior environment for reactions compared to depositing a 
re-suspended CCE. 
 
Maintaining an adequate amount of water in the catalyst layer can be a difficult 
task. While water is crucial for ionomer hydration to sustain sufficient proton 
conductivity, excess water will flood pores and result in higher mass transfer resistance. 
A popular method used to control water content within the MEA is through the addition 
of a microporous layer (MPL) between the gas diffusion backing and the catalyst layer.
24
 
The MPL is typically composed of carbon particles and polytetrafluoroethylene (PTFE).
25
 
The carbon particles ensure there is no loss of electrical conductivity in the layer, while 
PTFE adds a degree of hydrophobicity. It has been established that in high current density 
regions, electrodes including a MPL have better performance than tradition electrode 
setups.
26
 Qi and Kaufman
24
 determined that the presence of a microporous layer could 
diminish differences between different carbon paper types and led to increased fuel cell 




hygroscopic electrode materials to the hydrophobic backing due to an increase in surface 
roughness provided by the high surface area carbon particles.   
4.2 Experimental  
4.2.1 CCE Fuel Cell Electrode Fabrication 
 
The CCE material was prepared using a base-catalyzed procedure reported in 
detail elsewhere.
22
 The 20% Pt on Vulcan XC72 carbon black (E-TEK BASF, 18.2 wt% 
Pt as confirmed by TGA) was dispersed in a solution of deionized water and methanol. 
To this, TPS (Gelest) and TEOS (Sigma) were added drop-wise in a 5:95 TPS-to-TEOS 
mole ratio. The mixture was allowed to gel for ca. 72 hours after which the partially 
gelled mixture was spray applied onto a gas diffusion layer (GDL) using an air brush. 
The GDL used was prepared in-house using the procedure reported by Qi and Kaufman
24
 
and consisted of CFP (Toray TPGH-090, 10 wt% wet-proofing) coated with a Vulcan 
XC72/Teflon microporous layer (MPL, 1.97 mg cm
-2
 Vulcan carbon, 38.3 wt% Teflon). 
The microporous layer mixture was stirred for 2 hours, sonicated for 1 hour, and left to 
stir overnight before being sprayed. Following spray deposition, the MPL was dried at 
ambient conditions before being dried at 110 
o
C and 280 
o
C and sintered at 350 
o
C for 30 
minutes at each temperature. A schematic diagram of CCE preparation process is shown 
in Chapter 2 (Figure 2.1). After deposition of the CCE material, the resulting electrode 
was dried for 30 minutes at both room temperature and 135 °C. The resulting electrode 
had a Pt loading of 0.34 mg cm
-2
 and a total silicate loading of 40 wt% and is hereafter 
referred to as SS-CCE. 
4.2.2 Materials Characterization 
 
Thermogravimetric analysis (TGA) was performed using a TA Instruments Q600 
SDT thermal analyzer. Samples were heated from room temperature up to 800 °C at a 
rate of 20 °C min
-1
 under flowing air (50 mL min
-1
). BET surface areas were measured 
using a Gemini VII 2390 Series surface area analyzer. Scanning electron microscopy 





4.2.3 Fuel Cell Electrochemical Measurements 
 
Fuel cell membrane and electrode assemblies (MEA) were prepared by hot-
pressing (150 kg cm
-2
 for 90s at 130°C) a 5-cm
2
 test ceramic carbon electrode (cathode) 
and a similar sized commercial anode (ELAT A6STDSIV2.1 Pt loading = 0.50 mg cm
-2
, 
proprietary ionomer loading) across a Nafion NRE212 membrane. For comparison, a 
standard MEA was prepared using an ELAT electrode as both the test electrode and the 
anode, referred to hereafter as ELAT. MEAs were tested in a 5-cm
2
 fuel cell test fixture 
(Fuel Cell Technologies). Fuel cell testing was performed at a cell temperature of 80°C, 
with feed gases (H2 and O2) humidified at 80°C and pressurized to 10 psig (170 kPa) at 
the outlets.  
 
All cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 
measurements were performed at 30°C with humidified N2 at the cathode and with the H2 
electrode serving as both the reference and the counter electrode. Measurements were 
performed using a Solartron 1470E Multichannel Potentiostat and a 1260 frequency 
response analyzer controlled using Multistat software (Scribner Associates). Impedance 
spectra were collected over a frequency range of 100 kHz to 0.1Hz at a DC bias potential 
of 0.425 V. 
 
Validation of the use of a microporous layer was conducted by preparing the MPL 
and depositing a standard catalyst layer. The MPL (38.3% polytetrafluoroethylene 
(PTFE), 1.97 mg cm
-2
 Vulcan carbon) was coated with a catalyst layer consisting of 
Nafion and 20% Pt on Vulcan XC72 carbon black (31.5% Nafion, 0.45 mg cm
-2
 Pt), 
referred to hereafter as the ST-MPL. The test MEAs were prepared as described above 
using Nafion 112 as the membrane, and evaluated electrochemically under multiple 
temperature/humidity conditions. The ST-MPL was compared to a MEA prepared in-
house on Toray TPGH-090, 10 wt% wet-proofing. The in-house standard (referred to 
hereafter as ST-IH) had a platinum loading 0.30 mg cm
-2





4.3 Results and Discussion 
4.3.1 Materials Characterization 
 
The platinum and silicate loading for the SS-CCE cathode was confirmed by 
performing TGA under air. Under these conditions, the decomposition of the sulfonic 
acid group, the combustion of the organic side chain and the carbon black can be 
resolved, allowing the determination of the wt% of the each component.
22,27,28
 TGA 
indicated that the CCE had an overall silicate content of 40 wt%, of which 6 mol% was 
TPS (balance TEOS), and 60 wt% platinized carbon. The resulting platinum loadings for 
the CCE cathodes were calculated based on TGA composition data and are listed in Table 
4.1 alongside the commercial electrode material. 
Table 4.1. Comparison of the BET surface areas, electrochemical surface areas, and ionic resistance for 
different catalyst layers. adata from Reference 22. 
 
In our previous work (Chapter 3) the TEOS-only CCE was allowed completely 
gel into a monolith, after which it was dried, ground into a fine powder, suspended in 
solution, and sprayed onto the GDL. In this work we have been able to spray deposit the 
partially gelled SS-CCE material directly onto the GDL. The presence of a MPL between 
the catalysts layer and carbon fibre paper (CFP) was determined to be essential for strong 
adhesion. SEM images for SS-CCE catalyst layer are shown in Figure 4.1a and 4.1b 
which shows that homogeneous layers with a high degree of micro/meso-porosity were 
produced. Figure 4.1c is a side view of the SS-CCE catalyst layer. There is no defined 
region between the MPL and CCE layers, indicating good adhesion.  BET analysis 



























0.5 N/A 37 40 0.70
SS-CCE 0.34 382.2 67 72 0.94




due to the presence of the organic side chain, which reduces the free volume within the 
structure.   
Figure 4.1. SEM images of CCE-based catalyst layers (top view) at (a) lower and (b) higher magnification, 
and (c) side view. 
 
4.3.2 MPL Performance  
 
Figure 4.2 shows the CVs collected at various temperatures for the ST-MPL 
cathode MEAs prepared in-house. These voltammograms are compared to a standard 
catalyst layer prepared in-house (ST-IH) without the addition of an MPL. It is apparent 
that the double layer capacitance is much higher for the MEAs that have a MPL, due to 
the fact that there is considerably more carbon at the electrode compared to the standard 
MEA. However, the quality of the CVs has not been impacted by the addition of the 
MPL. This is reflected in the determination of ECSA, which is summarized in Table 4.2. 
The ECSA has not been reduced due to use of a microporous layer, and under some 
conditions is higher than we were able to achieve for the standard electrode without a 
MPL.  
 
EIS plots are shown in Figure 4.3 and provide an indication of how the addition of 
a MPL affects the conductivity and resistance throughout the catalyst layer. The MPL 
catalyst layers display significantly higher capacitance (Figure 4.3a) than the traditional 





Figure 4.2. Cyclic voltammograms of standard Nafion-based catalyst layer (ST-IH, 0.30 mg cm-2Pt) and 
catalyst layer applied to microporous layer (ST-MPL, 0.45 mg cm-2Pt) at different temperatures. 
Nomenclature refers to cell/anode/cathode temperatures, respectively. 
 
carbon and platinum present. The ECSA values for platinum were higher for some of the 
MPL samples, but the large increase in capacitance is mainly due to the fact that there is 
significantly more carbon in the MPL-containing catalyst layers. Once normalized for the 
limiting capacitance (Figure 4.3b), it is evident that the proton conductivity is not only 
improved by use of the MPL but that upon increasing operating temperature, the proton 
conductivity increases as well. This may be due to the fact that the additional PTFE 
component of the MPL facilitates water management better than when only a GDL is 
used. At higher temperatures there is more water retained in desirable regions to facilitate 
proton transport. Qi and Kaufman postulated that the presence of a MPL introduced a 
degree of microporosity to the GDL and that small (micron scale), hydrophobic pores 







Table 4.2. Comparison of electrochemically active surface areas at different temperatures for standard 
Nafion-based catalyst layer (ST-IH, 0.30 mg cm-2Pt) and catalyst layer applied to microporous layer (ST-
MPL, 0.45 mg cm-2Pt). 
 
 
Figure 4.3. Comparison of the EIS responses obtained for the MPL-coated cathode catalyst layer (ST-MPL, 
0.45 mg cm-2Pt) with that obtained with a traditional Nafion-based cathode catalyst layer (ST-IH, 0.30 mg 
cm-2Pt) plotted as (a) capacitance plots , (b) normalized capacitance plots ,and (c) Nyquist plots. 











Nyquist plots (Figure 4.3c) indicate that ionic resistance for the MPL sample is 
similar to the traditional catalyst layers at low temperatures, but upon increasing the 
operating temperature the ionic resistance decreases. Again, this may be due to the MPL 
assisting in water management at higher temperatures. There appears to be no detriment 
to catalyst layer resistance and conductivity after addition of the MPL; conversely, there 
is an enhancement in these characteristics at higher operating temperatures which 
indicates that issues attributed to water management are improved once the MPL is 
applied. Qi and Kaufman
24
 saw some improvement in performance for CLs without 
MPLs when temperatures increase as the kinetics of the ORR and HOR improve with 
higher temperatures, though high humidities resulted in profound flooding and a 
detriment to cell performance depending on the type of carbon paper used. Addition of a 
MPL to the CL radically improved performance at all temperatures and humidities 
studied.
24
 Malevich et al.
29
 noted that at current densities greater than 300 mA cm
-2
, 
cathodes with a MPL performed better than cathodes without a MPL. Since higher 
current densities are when mass transport issues tend to arise, it was speculated that the 
MPL prevented water from accumulating in the catalyst layer.
29
 Malevich also 
determined that inclusion of a MPL reduced both the charge transfer and mass transport 
resistances of cathode catalyst layers by reducing water saturation and thus enhanced gas 
transport.
29
    
Polarization and power density curves for MPL catalyst layers are displayed in 
Figure 4.4. The addition of the MPL layer appears to significantly increase performance 
at higher temperatures compared to the standard catalyst layer. Additionally, it can be 
noted that the performance of the standard catalyst layers appear to be slightly hindered 
by mass transport issues, as there are losses at high current density. The responses for the 
MPL sample do not display mass transport losses, though the curves do not reach current 
densities as high as those for the standard. The absence of a defined mass transport region 
is likely due to the fact that the MPL is preventing water from flowing in the catalyst 
layer which causes restricted gas flow. Once the curves are normalized for the amount of 
platinum present (Figure 4.5), we see that at higher temperatures the MPL-containing 
cathodes still outperform the standard cathode. Power density curves reflect the trends 





Figure 4.4. Comparison of H2/O2 fuel cell polarization and power density curves obtained for Nafion-based 
cathode catalyst layers prepared with (ST-MPL, 0.45 mg cm-2Pt) and without (ST-IH, 0.30 mg cm
-2
Pt) MPL. 
Measurements were made at different cell/anode/cathode temperature conditions.  
 
 
Figure 4.5. Comparison of H2/O2 fuel cell polarization  and power density curves obtained for Nafion-based 
cathode catalyst layers prepared with (ST-MPL, 0.45 mg cm-2Pt) and without (ST-IH, 0.30 mg cm
-2
Pt) MPL, 




electrodes are significantly higher than those for the standard and increase as operating 
temperature increases. The use of this MPL for the catalyst layer appears to improve 
overall fuel cell performance, especially at higher temperatures, which reflects the results 
of other groups
30-32
 that have extensively evaluated MPL composition and properties. 
4.3.3 Electrochemical Characterization of SS-CCE 
 
Figure 4.6 compares the CVs obtained for the SS-CCE to that obtained for the 
ELAT electrode. The area under the Hdesorption peaks in Figure 4.6a was used to determine 
the ECSA of each, which are listed in Table 4.1. Large, well-defined peaks were obtained 
for the SS-CCE cathode which are similar in shape to that obtained with the Nafion-based 
ELAT electrode and are much more well-defined (and larger) that those obtained for our 
previous SiO2-based CCEs
22
, indicating that the addition of a small amount of TPS to the 
SiO2 network (6 mol %) has a drastic impact on ECSA. Since both electrodes were 
prepared from E-TEK 20% Pt on Vulcan XC72 carbon black, which is known to have an 
average Pt particle diameter of ca. 3 nm
33,34
, platinum utilization can also be calculated. 
The SS-CCE was determined to have a platinum utilization of 72%, which is 
substantially higher than that of the commercial ELAT electrode material (40%). This is 
reflected in Figure 4.6b, which shows CVs once they have been corrected for the 




 achieved with the 
CCE is comparable to some of the largest ECSAs reported in the literature for E-TEK 
20%Pt/Vulcan catalysts using Nafion-based ionomers
15,35
 and substantially larger than 




The EIS spectra obtained for the SS-CCE and ELAT cathodes are shown in 
Figure 4.7 as both capacitance plots (Figure 4.7a and b)
36
 and Nyquist plots (Figure 4.7c). 
An expanded view of the high frequency region for each plot is shown in Figure 4.8. 
Both the SS-CCE and the ELAT electrodes show steep slopes in the high frequency 
region of the capacitance plot, indicating similarly high proton conductivity for both the 
CCE and the Nafion-based catalyst layers.
34,37
 Normalized capacitance plots, where the 
capacitance is normalized by dividing it by its limiting value, allow for comparison of 




4.7b. These plots highlight the similarly high proton conductivity of each electrode, 
though that within the ELAT electrode appears to be slightly higher. This is not 
surprising, as Nafion is well-studied and widely used because it is an excellent proton 
conductor. This is reflected in the total resistance (RΣ) values calculated and listed in 
Table 4.1 along with the RΣ for a CCE catalyst layer without sulfonic acid groups. RΣ is 
comprised of contributions from both ionic and electronic resistance. For these catalyst 
layers, we assume contributions from electronic resistance are low as carbon is 
distributed throughout the catalyst layer. Therefore, the value of RΣ is approximately 
equal to Rionic. The ELAT electrode has the lowest ionic resistance and the CL without 
sulfonic acid groups (TEOS CCE) has the highest RΣ, almost four times that of ELAT. 
The SS-CCE electrode, however, has a RΣ value close to that of the Nafion-based 
electrode. The fact that the SS-CCE exhibits an ionic resistance anywhere close to that of 
Nafion makes it a promising electrode candidate.  
 
Figure 4.6. Comparison of the CVs obtained for the SS-CCE cathode catalyst layer with that obtained with 
a Nafion-based ELAT cathode catalyst layer: (a) as acquired and (b) normalized to the Pt loading in each 
electrode.  Measurements were made at 30°C with an N2-purged cathode compartment at 100% RH.  























































Figure 4.7. Comparison of the EIS responses obtained for the SS-CCE cathode catalyst layer with that 
obtained with a Nafion-based ELAT cathode catalyst layer plotted as (a) capacitance plots and (b) 
normalized capacitance plots and (c) Nyquist plots. Measurements were made at 30 °C with an N2-purged 
cathode compartment at 100% RH. 
 
Figure 4.9 displays the fuel cell polarization curves obtained for both the SS-CCE 
cathode and the Nafion-based ELAT cathodes. Both MEAs give very similar 
performance, though the Nafion-based ELAT cathode performed slightly better at higher 
current densities. This can partially be attributed to the higher platinum loading in the 
ELAT electrode, as illustrated in Figure 4.9b. Power density curves in Figure 4.10 reflect 
what is displayed in Figure 4.9, as the power output is similar for both ELAT and SS-



























































CCE cathodes until the SS-CCE reaches a maximum power density around 600 mA cm
-2
. 
This performance difference may also be related to the hygroscopic nature of the SS-CCE 
that leads to mass transport limitations at high current densities. The CCE material 
readily retains water, making it more susceptible to flooding of the pores in the catalyst 
layer. However, this indicates that the SS-CCE may retain performance under drier 
cathode conditions better than Nafion-based electrodes. Nonetheless, the performance of 
the CCE is remarkable given the complete absence of Nafion in the catalyst layer and is 
one of the highest performing non-Nafion based catalyst layers reported in the literature 
to date. Peron et al.
11
 summarized the fuel cell performance of several alternative 
ionomers in the catalyst layer including sPEEK, sPEKK, and sPE. Our cell potential of 
>0.6 V at 0.5 A cm
-2
 (in the ohmic region) is on par with or exceeds the fuel cell 
performance of most of these hydrocarbon ionomers.  
 
Figure 4.8. Expansion of the high frequency region of Fig. 4.7.




























































Higher fuel cell performance despite lower proton conductivity is possible if the 
SS-CCE cathode has improved gas transport capabilities over the Nafion-based 
electrode.
38
 The typical model used for Nafion-based catalyst layers assumes that there 
are small agglomerates (< 1 μm) of carbon-supported platinum catalyst covered with a 
thin film of ionomer.
39
 Between these small agglomerates are primary pores (5-20 nm), 
and between aggregates of agglomerates secondary pores (20-100 nm) are formed.
11,40
 
Ionomer distribution and pore formation are accomplished through the catalyst ink 
fabrication process, which makes it difficult to control catalyst layer conditions.
39,40
 It is 
difficult to maintain control of pore size or ionomer distribution, and to ensure catalyst 
sites are accessible for reactants. Uneven application of the ionomer can lead to blocked 
catalyst sites or “dead-ends” where protons can travel but not make it all the way through 
the catalyst layer.
40
 The in-situ polymerization of silane ionomer with the carbon-
supported platinum catalyst ensures a better distribution of ionomer than can be achieved 
with traditional thin film application methods. While the sulfonated silane may not be as 
good of a proton conductor as Nafion, the ability to better distribute protons across the 
catalyst layer can account for some of high performance for the SS-CCE.  
Figure 4.9. Comparison of H2/O2 fuel cell polarization curves obtained for the SS-CCE-based cathode 
catalyst layer with that obtained with a Nafion-based ELAT cathode catalyst layer. Measurements were 







Figure 4.10. Comparison of H2/O2 fuel cell power density curves obtained for the SS-CCE-based cathode 
catalyst layer with that obtained with a Nafion-based ELAT cathode catalyst layer. Measurements were 
made at 80°C at 100% RH with 10 psig backpressure on both sides.  
 
Additionally, with the CCE catalyst layer structure, there is an inherent element of 
porosity that is present due to the fabrication process. Good gas transport is essential for 
good performance, and improved gas transport coupled with a uniform distribution of 
ionomer may account for the high ECSAs and fuel cell performance achieved.
38
 At 
higher temperatures, more porosity means fewer blockages when water is produced at the 
cathode and improved performance. It is evident that there are mass transport issues for 
the SS-CCE cathode attributed to flooding, and this is not surprising due to the 
hygroscopic nature of the sulfonated silane. The presence of excess water may limit 
performance at higher current densities, but until that point we see good performance and 
high ECSA because high porosity allows more gas to reach active catalyst sites than is 
possible for the Nafion-based cathode. As well, at lower current densities the 
hydrophilicity of the catalyst layer will facilitate proton conduction through the retention 
of more water than Nafion can achieve. Our results indicate that these SS-CCE catalyst 







Sulfonated silane-based CCE catalyst layers were prepared by spray depositing 
the partially gelled CCE mixture onto a GDL substrate containing a microporous layer. 
The microporous layer provided sufficient surface roughness to allow for CCE adhesion 
and appeared to aid with reactant transport at higher temperatures. ECSAs were the same 
or higher for a catalyst layer with a MPL than without, and the proton conductivity and 
fuel cell performance were improved once the MPL was used. This is likely due to the 
increased porosity imparted by the MPL which improves gas transport, and water 
transport is aided at higher temperatures due to the addition of PTFE. 
 
The resultant SS-CCE catalyst layer had very high ionic conductivity and 
consequently a high ECSA, almost double compared to the commercial ELAT electrode. 
Platinum utilization for the SS-CCE was also almost twice that of ELAT, indicating that 
our electrode structure is allowing reactants better accessibility to platinum sites. While 
the proton conductivity of the Nafion-containing ELAT cathode was higher than for SS-
CCE, fuel cell tests show the SS-CCE material had similar fuel cell performance to that 
obtained with Nafion-based ELAT electrodes.  
 To fully understand if the CCE catalyst layers have superior qualities to 
commercial catalyst layers, testing under multiple humidity conditions is a logical next 
step. As the CCE materials retain water which limits mass transport at 80
o
C and 100% 
relative humidity, it is possible that less humid conditions allow for improved fuel cell 
performance. This would be of great interest commercially, as the practical use of fuel 
cells for transportation purposes mandates that they are subjected to a variety of 
temperature and humidity conditions. It is expected that the SS-CCE catalyst layers will 
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Chapter 5:  
 
Sulfonated Silica-Based 
Fuel Cell Electrode 




Part of the work described in this chapter has been published as: 
 






5.1 Introduction to CCEs for Low Humidity Applications 
 
The energy requirements of modern civilization are rapidly consuming our natural 
resources, and society must look at alternatives to fossil fuels in order to maintain current 
output and satisfy energy demand. Proton exchange membrane fuel cells (PEMFCs) are 
one technology with the potential to help meet both current and future energy needs.
1
 The 
heart of a PEMFC is the membrane electrode assembly (MEA) which consists of anode 
and cathode electrodes separated by a proton exchange membrane. Typical commercial 
catalyst layers contain a carbon-supported platinum catalyst combined with Nafion® 
ionomer
2
. The role of the ionomer is two-fold, as it supplies proton conductivity to the 
catalyst layer to increase catalyst utilization
3
 as well as bind the carbon support. Several 
ionomers are commercially available but suffer from shortcomings such as high cost
4
, 
restriction of gas pores
5
, and poor performance in low water environments (low relative 
humidity and high temperature)
6
. Reduction or replacement of Nafion® and other 
perfluorosulfonic acid ionomers in the catalyst layer is essential to diminish these issues. 
The use of surface-modified carbon supports has been shown to be a somewhat effective 
method reducing catalyst layer Nafion® content.
5,7-13
. Hydrocarbon-based ionomers such 







 have been explored as Nafion® replacements but each one has its own 
unique set of challenges to be conquered.   
Another approach to improving catalyst layer performance is by modification of 
the electrode support structure.
21
 Electrodes are generally prepared by mixing platinum-
supported carbon and Nafion ionomer solution without any additional treatment, which 
does not ensure suitable access to platinum particles throughout the catalyst layer. Several 
methods of electrode modification include use of organic-inorganic hybrid materials
22-25
 
to improve the accessibility to platinum and, in turn, the abundance of triple-phase sites. 
Ceramic carbon electrodes (CCEs) are promising candidates for fuel cell electrodes in 
this regard. The tuneable nature of CCEs makes them suitable candidates for use in a 









. CCEs consist of electronically conductive carbon particles 






. The sol-gel synthetic method allows for numerous conditions 
(e.g. pH, solvent, concentration) to be varied in order to modify material properties such 
as microstructure. The ceramic component is chosen to provide specific properties 
dependent upon the desired application. Our previous research demonstrated that 
introduction of the hydrophilic SiO2 backbone affects the proton conductivity of CCEs 
without the addition of a functionalized side chain
27
. We have since incorporated an 
organosilane which has sulfonic acid moieties and hygroscopic properties to allow for 
enhanced proton conduction and water retention.
37
   
Water is essential to facilitate good proton conduction, and as such, the ability to 
retain water is imperative for MEA function at high temperatures (>80
o
C) and low 
relative humidity conditions. Electrodes containing Nafion require hydration to ensure 
optimal performance
25
, which limits the operating conditions of the MEAs. Additionally, 
extra power is required to maintain humidified gas flows.
25
 Thus, it is desirable to operate 
a fuel cell under lower humidity conditions, but the maintenance of a water balance in the 
MEA can be a difficult task. Too little water in the membrane can hinder proton 
conductivity while excess water can flood the catalyst layer and limit gas transport.
25,38
 In 
order to operate in dry environments, the MEA requires a mechanism to maintain 
moisture content.
39
 Excess water at the cathode can result in back-diffusion of water from 
the cathode across the membrane to alleviate flooding by minimizing the water 
concentration gradient.
38
 Therefore, it is possible that under low humidity conditions, 
water in the catalyst layer could aid in membrane hydration.
39
 In this work, an 
organosilane precursor with sulfonic acid groups has been used to increase proton 
conduction within CCEs. The hygroscopic properties of the chosen organosilane not only 
ensure good hydration within the catalyst layer but may promote membrane hydration via 
back-diffusion. Nafion, by contrast, is known to be at peak performance when fully 
hydrated and conductivity decreases with reduced water content.
39
 Our fabrication 
method involves adding the organosilane precursors to the carbon in monomer form and 
initiating polymerization.
37
 Polymerization in-situ allows the organosilane to chemically 





We have previously demonstrated that sulfonated silane-CCE (SS-CCE) fuel cell 
cathodes outperform SiO2-based CCE cathodes
40
 and can perform on par with Nafion-
based cathodes at 80°C using fully humidified gases
27
, conditions where Nafion-based 
MEAs perform at their best. This performance was explained in terms of the high water 
retention and proton conductivity using sulfonated silica-based ionomers. Here, we report 
the dependence of fuel cell performance of SS-CCE cathodes on the low relative 
humidity (RH) of the cathode gas feed. The results have been compared to the 
performance of a commercial Nafion-based cathode under the same conditions. The 
hygroscopic nature of the silicate material in the electrodes appears to provide a 
mechanism for water retention within the MEA that is normally tailored within the 
membrane. Water retention in the catalyst layer may provide a source of hydration for the 
membrane at low RH via back diffusion of water, while ensuring flooding of the 
membrane pores at higher RH is minimal.  
5.2 Experimental  
5.2.1 CCE Preparation 
 
CCE materials for spray deposition were prepared at via the sol gel method as 
outlined in our previous publications
37,40
. Dry 20% Pt on Vulcan XC72 carbon black (E-
TEK BASF) was combined with deionized water, methanol, and 6M ammonium 
hydroxide. Deionized water was added first to prevent platinum ignition upon subsequent 
addition of methanol. The catalyst mixture were mechanically stirred, after which 
additions of tetraethylorthosilicate (TEOS) and 3-(trihydroxysilyl)-1-propanesulfonic 
acid (TPS, 30-35% in water) were added drop-wise to achieve a 5:95 TPS-to-TEOS mole 
ratio at a constant total silane concentration of ca. 40%, which was previously determined 
to be optimal for fuel cell performance.
27,40
 After several days, the partially gelled CCE 
was spray deposited onto a gas diffusion layer (GDL) using an air brush. Following 
deposition, the resulting electrodes was dried for 30 min at both room temperature and 
135 
o
C. The electrode had a platinum loading of 0.34 mg cm
-2
 and a total silicate loading 




5.2.2 Materials Characterization 
 
Thermogravimetric analysis (TGA) was performed using a TA Instruments Q600 
SDT thermal analyzer. Samples were heated from room temperature to 800 
o





 under flowing air (50 mL min
-1
), which enables the determination of the 
weight percent of the individual components
27,32,41
. Based on this, SS-CCE had an overall 
silicate content of 40 wt%, of which 6 mol% was TPS (balance TEOS), and 60 wt% 




Fourier-transform infrared (FTIR) spectroscopy was performed (PerkinElmer 
Spectrum 100 FTIR) to verify the presence of sulfonic acid groups with KBr pellets at 
room temperature. Brunauer-Emmett-Teller (BET) surface area and pore size data were 
collected using a Micrometrics ASAP 2020 V4.00 physisorption analyzer. Transmission 
electron microscopy (TEM) images of the E-TEK catalyst material and the CCE layer 
were acquired using a Philips CM 10 instrument equipped with an AMT digital camera 
system. 
5.2.3 Fuel Cell Electrochemical Measurements 
 
Fuel cell membrane electrode assemblies (MEAs) were fabricated by hot-pressing 
(150 kg cm
-2
 for 90s at 130 
o
C) a 5 cm
2
 test electrode (cathode) and a similar-sized 
commercial anode (ELAT A6STDSIV2.1 Pt loading = 0.5 mg cm
-2
, proprietary ionomer 
loading) across a Nafion NRE212 membrane. For comparison, a MEA was prepared 
using an ELAT electrode as both the test electrode and the anode. MEAs were tested in a 
5 cm
2
 test fuel cell (Fuel Cell Technologies). Fuel cell testing was performed at a cell 
temperature of 80 °C with feed gases (H2 and O2) pressurized to 10 psig (170 kPa) at the 
outlets. Gases were humidified by passing them through heated humidifier bottles 
(Nuvant Systems Inc.) prior to entering the cell. The relative humidity levels of the gas 
feeds were controlled by varying the temperature of the gas humidifiers with respect to 
the cell temperature. In all cases, the anode humidifier bottles were maintained at 80 °C 




bottles were varied between 45 °C and 80 °C in order to yield 20 – 100% RH at the 
cathode inlet.  
 
Electrochemical impedance spectroscopy (EIS) measurements were collected at 
the aforementioned temperatures with humidified N2 flowing at the cathode and with the 
H2 electrode serving as both the reference and the counter electrode. All electrochemical 
measurements were performed using a Solartron 1470E Multichannel Potentiostat and a 
1260 frequency response analyzer controlled using Multistat software (Scribner 
Associates). Impedance spectra were collected over a frequency range of 100 kHz to 
0.1Hz at a DC bias potential of 0.425V. EIS data was analyzed using a finite 
transmission-line model developed by the Pickup group
42,43
 and described in Chapter 1. 
5.3 Results and Discussion 
5.3.1 Materials Characterization 
 
TEM images of catalyst layers are shown in Figure 5.1 (180 000× magnification) 
and compare the as-received Pt/Vulcan catalysts (a) to the SS-CCE catalyst layer (b) as 
well as a Nafion-bound Pt/Vulcan catalyst layer (CL) (c). Figure 5.1 indicates that our 
spray deposition technique has not resulted in blocking of platinum particles and the 
catalyst material has not been significantly altered by our procedure. Additionally, little 
particle or ionomer agglomeration was present in our SS-CCE sample. The SS-CCE 
catalyst layer (b) did not look considerably different from the Nafion-based layer (c). 
 
The presence of sulfonic acid groups was verified through FTIR spectroscopy. 
Figure 5.2 illustrates the similarities between a gelled sample of TPS and a gelled silicate 
composite (no Pt/C) containing both TEOS and a small amount of TPS (9%). The FTIR 
shows the peaks associated with sulfonated functional groups (1030-1070 cm
-1
) are 
present in both samples despite the predominance of the TEOS in the composite gel. 






Figure 5.1. TEM images of a) as-received E-TEK 20% Pt on Vulcan Carbon, b) sprayed TPS/TEOS CCE 
catalyst layer, and c) sprayed E-TEK 20% Pt on Vulcan Carbon + 31.5% Nafion. 
 
 
Figure 5.2. Comparison of pure TPS and composite TPS/TEOS gels to identify the presence of sulfonic 
acid functional groups. 
 
Table 5.1 displays the BET surface area data obtained for SS-CCE material as 
well as a control sample that contained only TEOS (SiO2-CCE), but with the same total 
silane concentration as the SS-CCE sample. The BET analysis indicated the SS-CCE had 













substantially larger than that of the bare Vulcan carbon surface (250 m
2
/g, manufacturer’s 
specifications). Addition of a small amount of sulfonated silane has not significantly 
affected the overall surface area of the CCE material, but has changed the porosity 
profile. The pore volume and average pore diameter have been reduced in the SS-CCE 









6.7 nm respectively. The presence of the sulfonated side chain on the silicate backbone is 
likely the cause of this reduction, resulting in smaller pore sizes compared to the 
unsulfonated sample. While the average pore width and diameters for the two CCE 
materials are within the boundaries of mesoporosity, the addition of the side chain is 
restricting the sizes of pores formed. 
Table 5.1. Summary of BET data for 45% TEOS control and 4% TPS CCE. 
5.3.2 Fuel Cell Electrochemical Measurements 
 
The SS-CCE cathodes appeared to suffer from mass performance losses due to 
flooding at 100% RH, indicating that the electrodes may be sensitive to high humidity 
conditions. The effect of relative humidity on fuel cell performance for both the ELAT 
and SS-CCE cathode catalyst layers is shown in Figure 5.3 and power density curves are 
displayed in Figure 5.4. Measurements were conducted with a constant anode and cell 
temperature of 80 
o
C and 100% RH but variable relative humidity at the cathode. At low 
current densities, the performance of the SS-CCE cathode was superior to the Nafion-
based cathode regardless of the relative humidity. Mass transport limitations are evident 
for the SS-CCE cathode at 100% and 82% RH, as losses in fuel cell performance related 
to mass transport issues tend to occur at higher current densities.
44
 This indicates that a 
significant amount of flooding is a concern under these conditions. Since the SS-CCE is a 
hygroscopic material, the incidence of flooding under fully (or almost fully) hydrated 
45% TEOS 4% TPS (40% silane)
Single point SA (m2 g‐1) 394.86 396.57
BET SA (m2 g‐1) 404.69 403.14
Total pore volume (cm3 g‐1) 0.433 0.263
Volume between 17 and 3000 Å (cm3 g‐1) 0.329 0.160
Average pore width (Å) 42.82 26.05
Average pore diameter (Å) 66.76 44.18




conditions is not surprising. As the %RH continues to decrease, these mass transport 
losses are no longer evident and the SS-CCE cathode displays no change in performance 
down to 20% RH. The Nafion-based ELAT cathode had sizeable performance drops 
when the cathode relative humidity was decreased. Furthermore, the Nafion-based ELAT 
electrode could not be operated in a stable manner below 43% RH. This is exceedingly 
evident in Figure 5.5, in which the performance has been normalized for the amount of 
platinum at the cathode.  
Figure 5.3. Comparison of the H2/O2 fuel cell polarization curves obtained for (a) ELAT and (b) SS-CCE 
cathode catalyst layers at multiple relative humidities.  
 
Figure 5.4. Comparison of the H2/O2 fuel cell power density curves obtained for (a) ELAT and (b) SS-CCE 




Figure 5.5. Comparison of the H2/O2 fuel cell polarization curves obtained for (a) ELAT and (b) SS-CCE 
cathode catalyst layers at multiple relative humidities. Plots have been normalized for platinum loading.  
 
The retention of fuel cell performance at low RH for our CCE catalyst layers is 
noteworthy. A number of factors can affect performance under hydrated conditions, 
including slow reaction kinetics, low oxygen concentration in the catalyst layer 
(especially when air is used), and liquid water formation which impedes oxygen transport 
and blocks active catalyst sites.
44
 However, water facilitates proton transport in both the 
catalyst layer and the membrane so the absence of water will adversely influence 
performance as well.
45
 Nafion ionomers are known to require water to achieve optimal 
proton conductivity.
38,46,47
 This means that it is challenging to use Nafion when operating 
conditions are dry, as evidenced in our results. Additional water retention in our CCE 
catalyst layer causes a decrease in performance at high %RH values, but this is alleviated 
at low %RH. When water accumulates at the cathode, a concentration gradient can be 
formed between the anode and cathode. Water can be transported across the membrane 
via electro-osmotic drag or back-diffusion when there is a higher water concentration at 
the cathode than the anode.
38,44,48
 The process of anode water removal (AWR) occurs 
when the rate of back-diffusion of water is high enough that ionic conductivity in the 
membrane is not reduced and that the occurrence of a water concentration gradient does 
not increase the anode overpotential.
44,46
 Therefore, when other components in the cell 
begin to dry out the surplus water at the cathode will be transported to alleviate the 




hygroscopic, excess water can be donated to the membrane and anode at lower %RH 
conditions, allowing Nafion in the membrane and anode catalyst layer to retain sufficient 
hydration.     
The ability of the MEA to retain water is important not only because it allows the 
fuel cell to be operated in multiple environments but also because low humidity 
conditions aid in the reduction of the overall balance-of-plant. Power is required to 
humidify the gases to 100% RH, therefore the reduction in gas humidification reduces the 
amount of parasitic power required for the fuel cell system. Furthermore, real world 
operation of PEM fuel cells often results in RH conditions inside the catalyst layer that 
differ drastically from that of the feed gas. Thus, the fact that the CCE performance 
showed no variation in performance with cathode feed RH indicates that these CCEs 
would be highly tolerant to transient fluctuations of RH within the catalyst layer. 
 
To further evaluate the catalyst layer and determine the mechanism of our CCE’s 
exceptional performance at low relative humidity, additional electrochemical studies 
were conducted. EIS analysis is a technique that can provide information about changes 
in conductivity and resistance in the catalyst layer under different conditions, as well as 
insight into degradation mechanisms.
49
 EIS data was analyzed using Nyquist plots 
(Figure 5.6) to monitor changes in ionic resistance. The length of the Warburg region 
increased as the RH at the cathode decreased for both the ELAT and SS-CCE cathodes, 
indicating an increase in ionic resistance with lower relative humidity. This is even more 
evident in an expansion of the high-frequency region (Figure 5.7) and the trend is further 
demonstrated in Figure 5.11. As water aids in the conduction of protons, it is not 




 Capacitance plots in Figure 5.8 display this more prominently, as the initial 
steepness of the capacitance curves decreased with relative humidity for both samples. 
This trend is highlighted with the expansion of the high-frequency region shown in 
Figure 5.9. Figure 5.8 also shows that the SS-CCE cathode has a much higher limiting 
capacitance, and thus electrode active area
43




Figure 5.6. Nyquist plots of fuel cell EIS data for a) ELAT cathode and b) SS-CCE cathode at 80oC 
obtained for multiple relative humidities. 
 
Figure 5.7. Expansion of the high-frequency region for Nyquist plots of fuel cell EIS data for a) ELAT 




Figure 5.8. Capacitance plots of fuel cell EIS data from a) ELAT cathode and b) SS-CCE cathode at 80°C 
obtained over multiple relative humidities. 
 
Figure 5.9. Expansion of the high-frequency region for capacitance plots of fuel cell EIS data from a) 





very little change in limiting capacitance with relative humidity, but the limiting 
capacitance decreased for the SS-CCE with lower %RH. The limiting capacitance values 
for each %RH for the ELAT and SS-CCE cathodes were compared in Figure 5.10a; also 
shown in Figure 5.10b is the variation in cell potential at a fixed current density of 0.5 A 
mgPt
-1
 as a function of RH. While there appears to be an overall decrease in limiting 
capacitance for the SS-CCE, at as low as 43% RH the limiting capacitance values for 
both the ELAT and SS-CCE cathodes are comparable. Furthermore, this decrease in 
limiting capacitance with RH in the SS-CCE, which is correlated with active area43, 
seems to have no impact on cell performance as the cell potential at 0.5 A/mgPt
-1
 for 
conditions of 20% RH is almost identical to that at 100% RH. Conversely, the Nafion-
based ELAT electrode maintains a relatively stable limiting capacitance with varying RH 
but exhibited a marked decrease in performance below 60% RH.  
 
Figure 5.10. a) Limiting capacitance and b) cell potential at 0.5 A mgPt
-1 as a function of relative humidity 






Figure 5.11 a) Membrane resistance and b) total resistance as a function of relative humidity for ELAT and 
SS-CCE cathodes at 80 °C.  
 
To examine this more in-depth, the EIS data was further analyzed to extract both 
the membrane resistance, Rmem, and the total resistance within the catalyst layer, R, as a 
function of RH.
42
 Figure 5.11 (a) and (b) display the Rmem and RΣ, respectively, for the 
catalyst layers at each %RH. There is only a slight increase in membrane resistance as 
cathode %RH decreases, which indicates that the membrane is not severely afflicted by 
the change in water content. However, the ELAT MEA has consistently higher Rmem 
values than the SS-CCE cathode at each %RH. On the other hand, the total resistance, 
which in the case of the fuel cell electrodes studied is a representation of the ionic 
resistance, appears to be higher for the SS-CCE cathode than for ELAT. Since Nafion is 
well-established as an effective proton conducting ionomer this outcome is expected. 
These results appear to support the idea that the cathode is donating excess water through 




membranes in the MEA led to different values for membrane resistance, with a decrease 
in membrane resistance for the CCE-based MEA. This indicated that the presence of the 
sulfonated silane (TPS) in the cathode catalyst layer is providing a mechanism for 
increased hydration and prevents an increase in resistance under drier conditions. As 
there is evidently a considerable amount of water present, the SS-CCE-based catalyst 
layer (CL) may aid in water retention and promote back-diffusion of water from the 
cathode to the membrane to improve MEA hydration. The presence of a water 
concentration differential across the MEA can facilitate AWR, as excess liquid water in 
the cathode back-diffuses across the membrane to the drier anode.
44-46
 While we did not 
employ a dry (0% RH) anode feed, it is likely that the water concentration at the anode 
was still considerably less than it was at the cathode, which may promote diffusion. 
Additionally, the low %RH conditions at the cathode will certainly cause the water 
concentration in the membrane to decrease, and the excess water at the cathode can be 
donated to ensure the membrane hydration (reducing ionic resistance). 
 
Since water content within the membrane is crucial for proton conduction, the 
effects of variable %RH in the cathode on membrane resistance is a noteworthy result. 
The most common approach to increase tolerance to hot and/or dry conditions is to 
incorporate hygroscopic materials including SiO2
50-52
 and even sulfonated silica
14,14,41,53-55
 
within the membrane. However, this does not necessarily facilitate hydration to the anode 
and cathode catalyst layers which results in lower fuel cell performance below 100% RH. 
Alternatively, our strategy was to utilize hygroscopic materials in the catalyst layer while 
maintaining a standard membrane. Considering both MEAs in the study were prepared 
with identical Nafion membranes and identical Pt/C electrocatalysts, it appears the 
addition of hygroscopic material within the cathode aids in retention of electrode activity 
while simultaneously hydrating the membrane. This is likely due to the back diffusion of 
water from the cathode to the membrane.
56
   Based on these findings, it is proposed that 
an MEA configured with hygroscopic materials at the electrodes may be a more ideal 
method to maintain fuel cell performance under dry or transient operating conditions. By 
employing the water retention agents in one or both electrodes their performance is 




of water from the catalyst layer(s) into the membrane. This may extend the range of 
operating conditions of MEAs prepared with standard membranes into drier/hotter 
conditions. However, it is not known at this time how water would freeze in an MEA 




In this study, we have examined the physical and electrochemical characteristics 
of cathode catalyst layers including a Nafion-based cathode and a CCE-based cathode 
without Nafion under varying hydration conditions. Our CCE-based catalyst layers 
appear to contain ca. 5% sulfonated silane of a total silane concentration of ca. 40%, 
which gives them their micro- and mesoporous structure. The addition of the small 
amount of sulfonated silane provides a source of proton conductivity without 
substantially changing microstructure or surface area as indicated from BET analysis. 
The use of silane materials did not result in a structure significantly different from a 
Nafion-based catalyst layer, as evidenced by TEM analysis of both the standard and CCE 
samples.  
 
The CCE-based cathodes were able to maintain stable fuel cell performance down 
to 20% RH, and had especially better performance than the Nafion-based ELAT cathode. 
The hydroscopic properties of the SS-CCE cathode limit performance at 100% RH due to 
the accumulation of water in the catalyst layer; however, it appears this offers an 
advantage by allowing for reliable use under low humidity conditions. The overall 
balance-of-plant for a fuel cell system is improved by using low-humidity tolerant 
cathodes, as a considerable amount of power is employed to keep gases at the high 
temperature and humidity required for Nafion-based electrodes. This will not only 
decrease the overall cost of the system, but could mitigate issues caused by operating fuel 
cells in cold and dry conditions, where the ability to maintain adequate hydration is 
difficult. An increase in the ionic resistance of the CCE cathodes did not appear to have 




layers and membranes, and theoretically the membrane resistance should be similar for 
both electrodes.  
 
The hygroscopic nature of these Nafion-free catalyst layers suggests that they may 
be ideal candidates for use in low humidity operating conditions. Common methods of 
regulating water content in Nafion-based catalyst layers include addition of hydrophobic 
components (i.e. PTFE) and controlling gas flow rates, gas pressure, operating 
temperature, relative humidity, and flow field design.
45
 Each of these methods has their 
own benefits and disadvantages. For example, high gas flow rates can aid in removing 
water from the catalyst layer through the cathode exhaust, but if flow rates are too high 
they can dry out the CL.
45
 Water transport throughout the layer is affected by each of 
these controls as well. Addition of PTFE through the use of an MPL will change where 
water accumulates in the CL as there are both hydrophobic and hydrophilic regions, and 
different cell temperatures will change the amount of liquid water versus vapour that is 
present in the layer.
45,46
 Excess water is not only known to block catalyst sites and 
oxygen transport, but also to cause Nafion ionomer to swell which causes degradation of 
the ionomer and catalyst layer structure.
47
 An illustration of the hydration states of Nafion 
as a membrane are shown in Figure 5.12 and while this is not a direct example of what 
happens in the catalyst layer, it provides insight into how the amount of water in the fuel 
cell environment can directly impact ionomer functionality. The use of ionomer that is 
less resistant to dissolution or, better yet, is able to mitigate water transport by back-
diffusion, requires less external controls to maintain good transport of both water and 
oxidant. The ability of the CL to maintain hydration while donating excess to the rest of 
the MEA will improve overall performance characteristics.  
Figure 5.12. Ionic domains in Nafion during swelling with water to the point of complete dissolution. 
Reprinted from Gebel, G. Structural evolution of water swollen perfluorosulfonated ionomers from dry 




It is also important to note that while tolerance of low humidity is desirable, the 
conditions must not be too harsh. Increased resistance and lack of hydration in the MEA 
can affect durability and limit the cell lifetime.
45
 Therefore, prior to a new catalyst 
material being considered as a viable option for placement into modern operating 
systems, long-term durability must be considered. The US Department of Energy requires 
that a fuel cell for transportation purposes has the ability to operate for 5000 hours/150 
000 miles
57
 and survive a range of temperature conditions. Thus far, we have 
demonstrated that CCE cathode materials can tolerate a range of temperature and 
humidity conditions, but their long-term performance has yet to be determined. To 
properly evaluate these new electrodes, their properties during continued cycling should 
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6.1 Introduction to Durability Concerns 
 There are many considerations that must be accounted for when designing a new 
material for fuel cell applications. Since commercial fuel cells will be exposed to a 
variety of chemical and environmental changes during their operational lifetime, it is 
imperative to understand if and for how long individual cell components will survive. 
Just as for fossil fuel powered vehicles, component lifetime will dictate repair schedules 
and warranties. The United States Department of Energy (DOE) has set a number of 
physical and performance targets for each component of the fuel cell, as well as the fuel 
cell system as a whole. These targets change every several years to take into account 
financial inflation and advancements in technology. Between 2010 and 2015, the target 
cost of electrocatalysts for automotive applications is to drop from $5/kW to $3/kW per 
stack, but they must be have the ability to maintain 5000 hours (150 000 miles at 30 
miles/hour) of cycling with less than 10% efficiency loss at operating temperatures at or 
above 80 oC to be considered viable.1,2 Each component within the fuel cell electrode 
may suffer from degradation during prolonged cycling and under extreme conditions. 
Therefore, it is important to know which components are the most susceptible to 
degradation and investigate methods to limit performance loss.    
It would be very labour intensive and time consuming to operate a fuel cell stack 
for 5000 hours to evaluate performance characteristics for various operation conditions. 
For transportation applications, the stack is expected to operate when the temperature 
conditions range from -40 oC to 40 oC.1,2 To test individual components as well as MEAs, 
accelerated stress test protocols have been developed to provide information about 
performance limits and degradation over a shorter time period.1 The degradation of a 
component is hastened by subjecting it to changing voltage conditions and periodically 
testing it using diagnostic protocols.1 Changes in the electrochemical properties can 
indicate which parts of the electrocatalyst have deteriorated, which in turn allows for 
research into modes of degradation prevention. Additionally, degradation can be 
chemically monitored through testing of effluent for decomposition products in an 
operating cell and through subjecting individual components to harsh chemical 




at the beginning and end of the diagnostic protocol, can provide information about 
structural changes.2 
While each part of the fuel cell stack will have its own unique contributions to 
overall durability, electrocatalyst degradation is especially important to study. The use of 
a platinum-based catalyst was estimated to contribute to approximately 50% of the stack 
cost in 2010, and 22% of the cost of the entire fuel cell system.1 Currently, the durability 
of platinum is between 2000 and 3000 hours of operation1 which is not close enough to 
DOE targets for commercialization. Simply adding more platinum will drive the stack 
cost even higher; therefore, by establishing the modes of catalyst degradation, steps can 
be taken to design a catalyst layer that mitigates loss.  
A typical fuel cell catalyst layer not only contains platinum catalyst but also high 
surface area carbon black and ionomer which are dispersed on a diffusion media 
consisting of carbon fibres and possibly a microporous layer.1,2 Significant degradation of 
any of these components will impede the function of the entire catalyst layer. The 
reaction environment in the cell is subject to undesirable processes aside from the 
hydrogen oxidation reaction (HOR) and oxygen reduction reaction (ORR) that can cause 
corrosion or performance losses which include1: 
1. Platinum dissolution and subsequent diffusion through the ionomer or membrane, 
or re-deposition onto a platinum particle to create larger platinum particles 
2. Carbon corrosion, causing platinum particle agglomeration due to loss of support 
and formation of surface oxides on remaining carbon. Surface oxides increase 
hydrophilicity that increase pore flooding and limit O2 gas transport 
3. Formation of hydrogen peroxide, hydroperoxy radicals, and/or hydroxyl radicals 
that degrade ionomer or carbon 
4. Adsorption of contaminants (from gas feeds or degradation products) onto 
platinum catalyst  
The aforementioned degradation mechanisms can be revealed as changes in 
current and/or potential output, electrochemical surface area, and ionic, electronic, and 




through Ostwald ripening and particle migration (Figure 6.1). During Ostwald ripening, 
small catalyst particles are dissolved when exposed to high potentials, and diffuse over 
the span of a few nanometers to re-deposit on larger platinum particles.1,3 Particle 
migration occurs over longer length scales (micrometers) and catalyst can precipitate in 
the cathode ionomer when encountering crossover hydrogen from the anode.1,3 These 
methods of particle agglomeration are especially existent when operating conditions are 
wet.4 The platinum catalyst is also very sensitive to contaminants, and as little as 10 ppm 
of CO can reduce catalytic activity.2,5 The predominant method of monitoring platinum 
loss is through cyclic voltammetry and the evaluation of ECSA.2 
 
Figure 6.1. Mechanisms of platinum surface area loss via (a) Ostwald ripening and (b) particle 
agglomeration. 
 
Carbon is used as a catalyst support because it has many desirable properties such 
as high electronic conductivity, high surface area, and low cost; however, a major 
drawback is that it is thermodynamically prone to corrosion over the full range of fuel 
cell operation.1,2,6,7 The oxidation of carbon to CO2 and CO in aqueous conditions occurs 
at standard potentials of 0.207 V and 0.518 V, respectively.1-3 Carbon corrosion is a slow 
process and significant corrosion does not occur until 1-1.2 V. Consequently, carbon 
corrosion does not tend to transpire unless subjected to start-up/shut down conditions.1,3 
Oxidant from the cathode tends to migrate to the anode compartment (and vice versa) 
when a vehicle is shut off, and during start-up this contamination can cause a potential 
spike at the cathode which can initiate carbon corrosion.1,2 Prolonged carbon corrosion 







components (such as platinum dissolution/agglomeration).1,2 Conversely, platinum can 
catalyze and accelerate carbon corrosion compared to conditions when no platinum is 
present.1,6-8 It is more difficult to monitor carbon loss than platinum loss, as the currents 
attributed to carbon corrosion (0.01-0.1 mA cm-2) are in the same range as, and are often 
masked by, hydrogen crossover currents and electronic shorting currents. The rate of CO2 
evolution can be measured from cathode effluent to indicate the extent of carbon 
corrosion7,8 and carbon corrosion has been successfully monitored via EIS for catalyst 
layers in a half cell environment.9 
Membrane ionomer degradation has been extensively studied, and some of these 
modes are applicable to the catalyst layer ionomer as well. The generation of radical 
species can destroy the polymer and lead to decomposition3,4, while thermal and humidity 
fluctuations can cause swelling/contracting and reduce mechanical integrity.1,3 As 
radicals are generated at the cathode during the production of water, the durability of the 
catalyst layer ionomer is particularly important to monitor. In the case of Nafion, 
degradation may be enhanced due to the proximity of ionomer to the location of radical 
generation.3,4 Ionomer decomposition can produce fluoride ions and sulfuric acid, which 
show up in anode and cathode effluent and give an indication of the severity of ionomer 
destruction.3 Localized degradation will limit proton transport within the catalyst layer 
and results in lower ionic conductivity, increased cell resistance, and low performance.2,4 
Another point to note is that the GDL and MPL are commonly derived from carbon and 
PTFE, which has a similar structure to perfluorosulfonic acid (PFSA) ionomers. Thus, 
degradation of the MPL and GDL are possibilities as well.3 
When new ionomers, catalysts, or supports are employed, they potentially 
introduce new modes of degradation. The initiation of any of these degradation pathways 
is generally during normal operation conditions of the fuel cell. Instances of idling or low 
current load can prompt the formation of radicals which attack the membrane and cause 
ECSA loss.1 Acceleration and deceleration are achieved through cathode potential 
cycling, which can cause catalyst dissolution and subsequent particle growth which again 
reduces ECSA.1 The carbon support can undergo corrosion during cathode potential 




accelerated testing protocols used for a material should reflect these conditions. The DOE 
protocols suggest 30 000 cycles of start-up/shut down conditions, 300 000 cycles of 
changing load, and 30 000 cycles of idling.1  
Electrochemical evaluation methods to track durability are especially useful as 
they can be performed in-situ and do not require prolonged interruption of the testing 
protocol.2 Saleh and Easton have developed an accelerated testing protocol for catalyst 
materials using electrochemical impedance spectroscopy to evaluate durability of both 
the catalyst and the carbon support in a half-cell electrochemical set-up.6,9 Hydrodynamic 
voltammetry (rotating and rotating ring risk electrodes) can monitor changes in catalyst 
activation, ECSA, and peroxide production.1,2 With any evaluation method, it is 
important to get beginning of life (BOL) and end of life (EOL) measurement for 
comparison over the entire testing protocol.  
This chapter will examine the stability and durability of sulfonated CCE cathodes 
in a fuel cell environment. Multiple start-stop cycles were initiated over a 12-day period 
and characteristics such as ECSA, electrode conductivity and resistance, and electrode 
performance studied. Effluent was collected from the cathode over this period to 
determine the presence of any degradation by-products from the catalyst layer. CCE 
samples were sent to the Fuel Cell Research Centre (FCRC) in Kingston, Ontario to be 
subjected to continuous load testing and were also evaluated using cyclic voltammetry, 
electrochemical impedance spectroscopy, and polarization (I-V) curves. The CCEs were 
compared to conventional Nafion-based cathodes. An overview of the durability results 
for the conventional and CCE catalyst layers will be compared and contrasted. 
6.2 Experimental  
6.2.1 CCE Preparation 
CCE materials for spray deposition were prepared at via the sol gel method as 
outlined in our previous publications10,11. Dry 20% Pt on Vulcan XC72 carbon black (E-
TEK BASF) was combined with deionized water, methanol, and 6M ammonium 
hydroxide. Deionized water was added first to prevent platinum ignition upon subsequent 




additions of tetraethylorthosilicate (TEOS) and 3-(trihydroxysilyl)-1-propanesulfonic 
acid (TPS, 30-35% in water) were added drop-wise to achieve a 6:94 TPS-to-TEOS mole 
ratio at a constant total silane concentration of ca. 40%, which was previously determined 
to be optimal for fuel cell performance.27,40 After several days, the partially gelled CCE 
was spray deposited onto a gas diffusion layer (GDL) using an air brush. Following 
deposition, the resulting electrodes was dried for 30 min at both room temperature and 
135oC. The electrode had a platinum loading of 0.39 mg cm-2 and a total silicate loading 
of 40 wt%, and will be referred to hereafter as SS-CCE. 
6.2.2 MEA Preparation 
Fuel cell membrane electrode assemblies (MEAs) were fabricated by hot-pressing 
(150 kg cm-2 for 90s at 130 oC) a 5 cm2 test electrode (cathode) and a similar-sized 
commercial anode (ELAT A6STDSIV2.1 Pt loading = 0.5 mg cm-2, proprietary ionomer 
loading) across a Nafion NRE212 membrane. For comparison, a MEA was prepared 
using an ELAT electrode as both the test electrode and the anode. MEAs were tested in a 
5 cm2 test fuel cell (Fuel Cell Technologies) on a fuel cell testing station built in-house.  
 
Standard GDE electrodes were prepared in-house to act as the anode and the state-
of-the-art cathode at FCRC. A solution of Nafion (5 wt% in alcohols, Ion Power Liquion 
LQ-1105) was mixed with 20% Pt on Vulcan XC72 carbon black (E-TEK BASF). 
Deionized water and isopropyl alcohol were added to the solution to adjust consistency 
for spraying. The resulting mixture was stirred for 2 hours, sonicated for 1 hour, and 
stirred for at least 1 hour before spray-deposition onto carbon fibre paper (CFP) from 
Toray (TPGH-090, 10% wet proofing). The resulting GDE was left to dry at room 
temperature overnight and then placed in an oven to dry at 135 oC for a minimum of 30 
minutes. The final GDE composition was 0.33 mg cm-2 platinum and 29.9 wt% Nafion. 
 
MEAs tested by FCRC utilized a 5 cm2 SS-CCE cathode of the same batch as 
those used at UOIT. A similar-sized state-of-the-art anode (0.33 mg/cm2 Pt, 20% Pt/C, 30 
% Nafion) obtained from ElectroChem was used along with a Nafion NRE-212 




CCE1 and SS-CCE2. For comparison, a MEA was prepared with an ElecroChem 
electrode at the anode and the standard GDE prepared by UOIT at the cathode, denoted 
as Nafion. The MEAs were hot pressed (270 kg cm-2 for 4 min at 130oC) before being 
placed between double–serpentine flow field plates in a conventional PEM fuel cell 
hardware. Testing of 5 cm2 MEAs were done using a Hydrogenics fuel cell test station 
(Hydrogenics Test Systems G60).   
6.2.3 Materials Characterization 
Inductively-Coupled Plasma Optical Emission Spectroscopy (ICP-OES) was 
performed on cathode effluent during testing of SS-CCE and control electrodes 
containing Nafion, to determine possible MEA degradation products and mechanisms due 
to multiple start-stop cycles. The elements of interest were silicon and platinum, which 
would be present due to breakdown of the catalyst layer, as well as sulfur, which may be 
present due to breakdown of the catalyst layer ionomer (TPS) or the membrane (Nafion). 
The cathode gas was purged in 100 mL of deionized water (Type 1), which was refreshed 
daily. A sample for ICP-OES analysis was prepared by taking 40.0 mL of the effluent and 
transferring it to a 50.0 mL volumetric flask, and diluted to the mark with deionized 
water. Samples taken over 12 consecutive days of fuel cell measurements were tested. A 
blank solution containing 2% v/v HNO3 in deionized water was also prepared. All 
standards and samples contained 2% v/v HNO3. 
 
A set of mixed standard solutions was prepared containing S, Si, and Pt were 
prepared with concentrations ranging from 0.5-20 ppm from stock ICP standard solutions 
of S (1000 ppm in 3% HNO3, Spectropure), Si, (1000 ppm in reagent grade I water, 
Spectropure) and Pt (1000 mg/L in 10% HCl, Assurance). The results from analysis of 
the standards were used to construct calibration curves, so concentrations in the samples 
could be determined. ICP-OES analysis was performed using a Varian Vista-MPX (CCD 
Simultaneous ICP-OES) at wavelengths of 181.972 nm (S), 251.611 nm (Si), and 
214.424 nm (Pt). Each standard and sample was measured in triplicate to determine the 





FCRC effluent analysis consisted of water collected from the cathode outlet a few 
times through each of the tests.  Only the water samples from CCE1 cell were analysed 
by Queens Analytical Services and compared to a blank and control (4.0 mg L-1 Si and 
2.5 mg L-1 F) water sample. 
6.2.4 Fuel Cell Electrochemical Testing Protocol 
6.2.4.1 Start-Stop Testing Protocol (UOIT) 
In-house durability testing was performed at cell temperatures of 30 oC and 80 oC 
with feed gases (H2 and O2 or N2) pressurized to 10 psig (170 kPa) at the outlets for 80 
oC 
measurements. Gases were humidified by passing them through heated humidifier bottles 
(Nuvant Systems Inc.) prior to entering the cell. The relative humidity levels of the gas 
feeds were controlled by varying the temperature of the gas humidifiers with respect to 
the cell temperature. For both 30 oC and 80 oC measurements, anode and cathode 
temperatures were set to match the cell temperature and maintain 100% RH. Feed gases 
were set to 50 mL min-1 at the anode and 100 mL min-1 at the cathode. 
 
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 
measurements were collected at the aforementioned temperatures with humidified N2 
flowing at the cathode and with the H2 electrode serving as both the reference and the 
counter electrode. All electrochemical measurements were performed using a Solartron 
1470E Multichannel Potentiostat and a 1260 frequency response analyzer controlled 
using Multistat software (Scribner Associates). Impedance spectra were collected over a 
frequency range of 100 kHz to 0.1Hz at a DC bias potential of 0.425V. EIS data was 
analyzed using a finite transmission-line model developed by the Pickup group12,13 and 
described in Chapter 1. A summary of these fuel cell tests and conditions are shown in 
Table 6.1. 
6.2.4.2 Continuous Testing Protocol (FCRC) 
For FCRC durability evaluation, testing was performed at a cell temperature 80oC, 
with feed gas flows of 50 mL min-1 for the anode and 100 mL min-1 for the cathode. 




Table 6.1. Durability test conditions for MEAs prepared with ELAT or CCE cathodes. Back pressure of 10 
psig used for tests conducted at 80oC. 
 
(170 kPa). The cell was kept under a 300 mA cm-2 load for 300 hours to test durability, 
with polarization curves obtained at the beginning, middle, and end of the durability test. 
Polarization curves were collected by increasing the load by set amounts until the voltage 
dropped below 0.3 V, after which the load values were decreased using the same interval 
until the cell achieved open circuit voltage. Each current density was held for 30 seconds. 
 
Both CV and EIS measurements were collected at the beginning and end of the 
durability tests using a BioLogic SP-150 potentiostat at a cell temperature of 30 oC and 
100% RH. CVs were collected over a potential range of 0.05-1.2 V at 100 mV s-1, while 
EIS data was obtained over a frequency range of 0.1 Hz – 100 kHz at a DC bias potential 
of 0.425 V. 
 
6.3 Results and Discussion 
6.3.1 Materials Characterization 
Cathode effluent was collected each day during start-stop durability testing to 
inspect for MEA decomposition components. Platinum can be dissolved from the carbon 
support and if it is not re-deposited, it may exit through the effluent. Degradation of the 
CCE structure could result in loss of sulfonic acid (from the side chain) or silicon (from 
the polymer backbone). Sulfur can also appear in the effluent if degradation from the 
membrane contaminates the cathode. Therefore platinum, sulfur, and silicon 
concentrations were tested in the effluent each day. Standards prepared for each analyte 
Temperature (oC) Anode Gas Cathode Gas Measurements Obtained
30 H2 N2 Cyclic voltammetry, 
electrochemical impedance
30 H2 O2 Polarization curves
80 H2 N2 Cyclic voltammetry, 
electrochemical impedance




had calibration curves with correlations of R2 > 0.99. The resulting sample concentrations 
are shown in Figure 6.2. Day “2.1” designates that the effluent was sampled on Day 2 
before experiments commenced, and Day “2.2” was taken after the completion of the 
second day of experiments. Platinum and silicon concentrations detected were less than 
0.5 ppm for each day, suggesting that significant degradation of the catalyst or catalyst 
layer did not occur. The low silicon concentrations suggest that the Si-O polymer 
backbone is stable over the course of 12 days. It is important to note that the detection 
limit of the instrument is 0.5 ppm, so these Pt and Si concentrations are below the 
detection limit. Sulfur exhibited higher concentrations than platinum or silicon, up to 5 
ppm on a given day. Still, there is no discernible trend in sulfur concentrations over the 
course of 12 days. Additionally, there is no way to distinguish from this information 
alone whether the sulfur is from degradation of the SS-CCE ionomer or the Nafion 
membrane. The lack of an appreciable Si concentration suggests that the CCE structure is 
stable, and any degradation is occurring due to loss of the side chain, not a decomposition 
of the entire ionomer structure. 
 
Figure 6.2. Concentration of degradation species in cathode effluent for MEA prepared with CCE cathode 




























Results of the FCRC effluent testing are shown in Table 6.2. Silicon and fluoride 
ions were tested to evaluate degradation of the Nafion membrane and SS-CCE electrode 
for the SS-CCE1 MEA. A blank sample showed no appreciable concentration of either F 
or Si, while a control sample had target concentrations of both. The water samples 
collected during testing had concentrations below that of the control sample and were on 
par with the blank, indicating that no F or Si species underwent degradation during 
continuous load testing. Since sulfur was not tested in these experiments, it is not possible 
to state for certain that the sulfonated side chain does not undergo degradation. The 
results suggest however that the Nafion membrane and the CCE ionomer backbone 
appear to be stable for at least 300 hours of continuous use. 
Table 6.2. Concentration of degradation species in cathode effluent for blank, control sample, and MEA 
(CCE cathode) during continuous degradation testing (FCRC). 
 
6.3.2 Fuel Cell Electrochemical Measurements 
6.3.2.1 Start-Stop Electrochemical Results 
Cyclic voltammetry was performed to monitor the ECSA each day for the catalyst 
layers. The change in ECSA is shown for ELAT in Figure 6.3 and for SS-CCE in Figure 
6.4. The ECSA for the ELAT electrode displayed a maximum value of 17 m2 g-1 on the 
first day, and steadily declined over 9 days. After 9 days, there was no quantifiable ECSA 
that could be evaluated at 30 oC or 80 oC. For the SS-CCE electrode, the initial ECSA 
was almost 60 m2 g-1, considerably higher than for the ELAT electrode despite similar 
platinum loadings. There is a steady decrease in ECSA across 12 days of cell operation, 
with a final ECSA of almost 20 m2 g-1 at Day 12. While this is a significant decrease over 
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ECSA of the ELAT electrode. It can be noted that the ECSA at 80 oC is significantly 
lower than at 30 oC. This is not surprising, as ECSA values are typically not reported at 
80 oC due to influences of liquid water at the catalyst layer which can block active 
catalyst sites. The results of ECSA monitoring indicate that while there is a substantial 
decrease in the ECSA over the operation lifetime of both electrodes, the SS-CCE cathode 
starts at a very high ECSA and therefore retains more accessible catalyst than the 
commercial ELAT electrode. 
 
Figure 6.3. Comparison of electrochemical surface area data gathered for MEA prepared with ELAT 
cathode over multiple start-stop cycles. 
 
Figure 6.4. Comparison of electrochemical surface area data gathered for MEA prepared with CCE cathode 
















































Nyquist plots shown in Figure 6.5 compare the change in ionic resistance for both 
electrodes at 30 oC. For the ELAT cathode, the ionic resistance is similar from Day 1-4, 
but by Day 8 there is a slight decrease in ionic resistance. However, it is apparent that by 
Day 8 the response from the catalyst layer is unstable. The SS-CCE cathode displays a 
steady decay in resistance from Day 1 to Day 12. This could be due to carbon corrosion 
or ionomer degradation. The results of ICP-OES analysis suggest that some sulfur is 
being lost so there must be ionomer degradation from the membrane or the SS-CCE. In 
either case, the ability of protons to reach catalytic sites will be limited. Structural 
changes may also have taken place in the catalyst layer to reduce proton transport, but 
after Day 8 this appears to have stabilized as the ionic resistance does not change.  
 
Figure 6.5. Comparison of impedance response (Nyquist plots) for ELAT and CCE cathodes over multiple 





Figure 6.6. Comparison of impedance response (Nyquist plots) for ELAT and CCE cathodes over multiple 
start/stop cycles at 80 oC. 
 
The change in ELAT resistance from Day 1 to Day 8 suggested that resistance did 
not change in the catalyst layer, but that transport effects are limiting performance 
stability. This is somewhat reflected in Figure 6.6, which shows the Nyquist plots for 
both electrodes at 80 oC. The ELAT electrode again sees improvement in ionic resistance, 
which could be due to break-in of the electrode or improved transport under hydrated 
conditions. The SS-CCE cathode exhibits some increase in ionic resistance, but becomes 
steady after 4 days of cell operation. Since Nafion, the ionomer in the ELAT electrode, is 
a superb proton conductor it is not surprising that it has better ionic resistance than the 
SS-CCE catalyst layer. The instability in the resistance profile for the SS-CCE is likely 
due to the accumulation of water at 80 oC, as the SS-CCE catalyst layers hold on to high 



















Figure 6.7. Comparison of impedance response (Capacitance plots) for ELAT and CCE cathodes over 
multiple start/stop cycles at 30 oC. 
 
Capacitance plots (Figures 6.7 and 6.8) better illustrate the relationship between 
ion transport and operation time. At 30 oC (Figure 6.7), the ELAT cathode displays 
higher proton conductivity over time while the SS-CCE cathode appears to have lower 
proton conductivity as it continues to run. Even though it loses proton conductivity with 
use, the SS-CCE cathode appears to have higher proton conductivity initially than the 
ELAT cathode, indicating that the SS-CCE is able to conduct protons to a reasonable 
extent. Additionally, the capacitance for the SS-CCE cathodes is significantly higher than 
for the ELAT cathodes. This is not surprising, as the capacitance relates to active area of 
carbon and platinum. There is substantially more carbon present in the SS-CCE due to the 
MPL, and the active area of the platinum is much higher for the SS-CCE. The limiting 




which implies carbon corrosion was not a significant issue.6,9 At 80 oC (Figure 6.8), this 
is further demonstrated as the SS-CCE capacitance is almost twice that of the ELAT 
cathode after multiple days of testing. The instability of the SS-CCE cathode response is 
again likely due to the accumulation and subsequent removal of water from the catalyst 
layer. While water will aid proton conductivity, changes in water concentration at the 
cathode will result in fluctuations in impedance response when measuring resistance and 
conductivity. The excess water may be transported from the cathode in the effluent or 
through removal via back diffusion of water to retain membrane hydration. As the 
membrane requires significant hydration at 80 oC, and there was a visible increase in 
water accumulation in the cathode effluent bottle, both processes are possible. It is known 
that CCEs experience flooding at 100% relative humidity14 and while water will conduct 
protons, changes in the water content across the catalyst layer will undoubtedly lead to 
instability in the impedance profile.  
 
Figure 6.8. Comparison of impedance response (Capacitance plots) for ELAT and CCE cathodes over 




Polarization curves for the ELAT and CCE cathodes were collected under oxygen 
at 30 oC and are shown in Figure 6.9. These plots have been normalized for the amount of 
platinum in each electrode. Towards the end of the test period for the ELAT electrode, 
performance appeared to decrease. The same trend was observed for the SS-CCE 
cathode, however mass transport issues severely limit current density. Trends for both 
electrodes are more evident in Figure 6.10 which shows polarization curves taken at 80 
oC. ELAT cathode performance is stable for the first few days of testing, but by Day 8 is 
considerably lower. Performance for both electrodes on Day 8 of testing showed lower 
performance (though under different temperature conditions). This could be related to 
improper cell conditioning (too wet or too dry, depending on the catalyst layer) since the 
CV and impedance responses appeared normal on those days. Higher current densities are 
achieved for the SS-CCE cathodes at 80 oC but mass transport limitations are 
exacerbated, likely due to catalyst layer flooding which has been determined in previous 
chapters to be a detriment to fuel cell performance. Thus, testing the SS-CCE at 80 oC 
and 100% RH does not provide the ideal operation environment for this cathode material. 
It is worth noting that at low current densities the performance changes little from Day 1 
to Day 12, indicating electrode stability despite flooding problems. Power density curves 
at 30 oC (Figure 6.11) and 80 oC (Figure 6.12) further illustrate these performance trends, 
especially the instability at high current densities for SS-CCE cathodes. There appears to 
be little overall long-term change in the polarization response for the SS-CCE cathodes 
despite performance fluctuations due to non-ideal operating conditions. The ELAT 
cathode, on the other hand, displayed a steady decrease in performance over time.  
 
Figure 6.9. Comparison of polarization curves for ELAT and CCE cathodes over multiple start/stop cycles 





Figure 6.10. Comparison of polarization curves for ELAT and CCE cathodes over multiple start/stop cycles 
at 80 oC.  
 
Figure 6.11. Comparison of power density curves for ELAT and CCE cathodes over multiple start/stop 
cycles at 30 oC. 
 
Figure 6.12. Comparison of polarization curves for ELAT and CCE cathodes over multiple start/stop cycles 
at 80 oC.  
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6.3.2.2 Continuous Testing Electrochemical Results 
MEAs tested by FCRC were subjected to a constant current of 300 mA cm-2 for 
300 hours to monitor electrode stability under a continuous load. The potential responses 
for MEAs are shown in Figure 6.13. At 300 mA cm-2, the Nafion-based electrode yielded 
the highest potential at almost 0.7 V. Both SS-CCE cathodes produced similar voltages, 
around 0.6 V. The Nafion-based electrode displayed very stable performance but the 
MEA failed after ca. 200 hours of operation, possibly due to a pinhole in the membrane 
(though none were detected upon visual inspection). The SS-CCE cathodes showed 
performance decay over 300 hours from over 0.6 V to just over 0.5 V. While there was a 
decrease in voltage at 300 mA cm-2, the ability of the SS-CCE cathodes to survive the 
300 hours makes their performance more remarkable than that of the Nafion-based 
cathode. 
 
Figure 6.13. Voltage degradation of MEAs tested continuously with a constant load of 300 mA cm-2 
(FCRC). 
 
Polarization curves were taken at the beginning of life (BOL) and end of life 
(EOL) for each MEA and are shown in Figure 6.14. As the Nafion electrode failed during 
continuous load testing, there is only data for BOL. The Nafion-based electrode was able 
to achieve higher current densities than either SS-CCE cathode, but the SS-CCE cathodes 




current densities. There is evidence of mass transport issues in the SS-CCE cathodes at 
both BOL and EOL. After 300 hours of operation there was a decrease in the 
performance for SS-CCE cathodes but again, at low current densities the response is 
similar to the Nafion BOL curve. Power density curves (Figure 6.15) further emphasize 
this, as the power densities of all electrodes at both BOL and EOL are similar up to 200 
mA cm-2.  
 
Figure 6.14. Polarization curves taken at beginning and end of life for MEAs prepared with a Nafion-based 
or CCE-based cathode (FCRC). 
 
Figure 6.15. Power density curves taken at beginning and end of life for MEAs prepared with a Nafion-





Cyclic voltammetry was also performed at the BOL and EOL for each MEA and 
are compared in Figure 6.16. The SS-CCE cathode displayed much higher capacitance 
(between ca. 0.4 and 0.8 V vs. SHE) than the Nafion-based cathode due to the addition of 
the MPL to the catalyst layer. Capacitance decreased over 300 hours of operation, 
possibly due to carbon corrosion or structural changes during operation at constant load. 
The hydrogen desorption peak, a measure of ECSA, appeared smaller at the EOL 
compared to BOL. The ECSA for the Nafion-based cathode was encompassed by the 
ECSAs for the two SS-CCE cathodes (Figure 6.17), indicating that the usable platinum 
surface is similar to the SS-CCE. The ECSA for the SS-CCE2 cathode was much higher 
than the SS-CCE1 cathode, which is noteworthy as the two cathodes were identical. A 
change in the fabrication process that resulted in adhesion differences between the 
electrode and membrane may be to blame as hydrogen would be hindered in reaching 
platinum catalyst if there was less adhesion in SS-CCE1. For both SS-CCE cathodes 
there was a sizeable decrease in platinum surface area after 300 hours which suggests 
some type of platinum agglomeration mechanism was present.   
Figure 6.16. Cyclic voltammograms taken at the beginning and end of life for MEAs prepared with a 
Nafion-based or CCE-based cathode (FCRC).  
 
Electrochemical impedance spectroscopy was completed for all MEAs to compare 
changes in ionic resistance and conductivity before and after load testing. Nyquist plots in 
Figure 6.18 reveal an increase in ionic resistance at low frequencies for the SS-CCE 























higher than for Nafion in the low frequency region. This is expected as Nafion is a very 
efficient proton conductor and should have low ionic resistance. Expansion of the high 
frequency region (Figure 6.19) reveals that SS-CCE catalyst layers have steeper slopes, 
and therefore lower ionic resistance, than the Nafion-based cathode at the BOL. 
Interestingly, the ionic resistance at high frequency is lower after 300 hours of operation 
for both SS-CCE cathodes tested. This indicates some type of change in the catalyst layer 
transport properties over the course of exposure to a continuous load. It appears that the 
high frequency intercept for SS-CCE MEAs decreases over 300 hours of operation, 
though a semi-circle develops over the same time frame which was not found in any 
previous experiments. The semi-circle is indicative of charge-transfer processes and is 
typically seen in Nyquist plots constructed for experiments when oxygen is used at the 
cathode. It is possible that after over 300 hours of operation under oxygen that the 
cathode was not sufficiently purged with nitrogen before EIS data was collected and thus 
a charge transfer contribution results. This data was collected externally so the exact 
purge time used before EIS measurements were collected is unknown.  
 
Figure 6.17. Comparison of ECSA values calculated at the beginning and end of life for MEAs prepared 






Figure 6.18. Nyquist plots collected at the beginning and end of life for MEAs prepared with a Nafion-
based or CCE-based cathode (FCRC).  
 
 
Figure 6.#. Expansion of the high-frequency region of Nyquist plots collected at the beginning and end of 













Figure 6.20. Capacitance plots collected at the beginning and end of life for MEAs prepared with a Nafion-
based or CCE-based cathode (FCRC).  
 
Capacitance plots (Figure 6.20) further demonstrate that Nafion is the better 
proton conductor, but that the SS-CCE catalyst layers also exhibit very good proton 
conductivity. As noted for the start-stop durability testing, the proton conductivity of the 
SS-CCE catalyst layers is reduced with operation time. It is apparent that the CCE 
catalyst layers have a much higher limiting capacitance than the Nafion-based catalyst 
layer due to the inclusion of a MPL. The SS-CCE1 sample displayed a minimal decrease 
in proton conductivity and limiting capacitance over 300 hours of operation, but SS-
CCE2 had a substantial reduction in both proton conductivity and limiting capacitance. 
For this MEA there was clearly destruction of the catalyst layer structure since its ability 
to transport protons has been hindered and the active area has been reduced. This 
suggests that the substantial loss of ECSA after operation of SS-CCE2 is likely due to a 
collapse or discontinuation of the ionomer network. As the same details are not seen for 
the SS-CCE1 sample, it suggests that some type of mechanical failure as a result of poor 





6.3.3 SS-CCE Degradation Profile  
The electrodes examined in this study through two different sets of operation 
parameters have revealed a wealth of information relating CCE-based cathode 
degradation to that of commercial Nafion-based electrodes. Analysis of the effluent over 
12 days of start-stop testing via ICP-OES revealed concentrations of silicon and platinum 
consistently below the detection limit of the instrument. This indicates that considerable 
amounts of platinum catalyst did not undergo dissolution from the carbon surface, a 
potential result of significant carbon corrosion in the catalyst layer when subjected to start 
up and shut down conditions. Since the Pt concentrations detected were technically below 
the detection limit of the instrument, it is concluded that any changes in ECSA are 
therefore not attributed to loss of platinum from the cathode catalyst layer. Low 
concentrations of silicon suggest that the silicate backbone constructed from the 
polymerization of TEOS and TPS did not break down to a detectable level in the effluent. 
Any structural changes that transpired during the experiment do not result in loss of 
backbone material, suggesting some retention of the CCE microstructure was possible. 
This result was also found when similar analyses were completed for CCEs subjected to 
continuous degradation testing, with concentrations of silicon and fluorine in the effluent 
sampled at the BOL and EOL to look for ceramic binder and Nafion ionomer membrane 
degradation, respectively. A deionized water “blank” did not contain appreciable 
concentrations of silicon (< 0.1 ppm) and fluorine (< 0.05 ppm), and thus neither element 
was present in the water used in the humidifier units. The control sample contained the 
target concentrations of silicon (4.0 ppm) and fluorine (2.5 ppm), indicating that the 
sample preparation and analysis processes were valid. Both samples collected for the SS-
CCE had the same concentrations of silicon and fluoride as the blank, which implies no 
significant ionomer degradation occurred for the Nafion membrane or CCE cathode.  
 
Appreciable sulfur concentrations (up to 5 ppm) were detected on several days 
during the start-stop testing, though no clear trend over time was discovered and 
concentrations were highly variable. This indicates that there is loss of proton conducting 
groups from ionomer material. It is not possible with the data obtained to definitively 




contain sulfonated side chains. Membrane degradation did not appear to be an issue for 
long-term testing based on the lack of detectable fluorine concentration, but since fluorine 
was not tested for start-stop testing, it is possible that a different type of degradation 
mechanism is triggered by subjecting the MEA to repeated start up and shut down 
conditions than for constant load operation. Recurrent fluctuations in cell voltage 
conditions and exposure to crossover currents may initiate decomposition of the CCE 
ionomer side chain, whereas steady-state conditions do not have as harsh of an effect. 
Either post-mortem imaging of the MEA or testing for membrane degradation products 
(i.e. fluorine) would be necessary to conclude which ionomer is the source of sulfur in the 
effluent.     
 
 Analysis of ECSA via cyclic voltammetry revealed that both ELAT and SS-CCE 
cathodes were reduced over multiple start-stop cycles (Figure 6.3 and 6.4). The majority 
of ECSA values were similar each day at 30 oC and 80 oC for the ELAT cathode, 
indicating that the increased water content at 80 oC does not limit platinum accessibility. 
The SS-CCE electrodes exhibit much higher initial ECSA than the ELAT electrodes (~60 
m2 g-1 vs. 17 m2 g-1) and even though ECSA values considerably diminished from Day 1 
to Day 12, the final value for the SS-CCE at 30 oC is comparable to the initial ECSA 
value for ELAT. Monitoring CV response over 300 hours of continuous testing showed 
that platinum ECSA decreased with run time. In both cases, since platinum dissolution 
has been ruled out, it is likely that Pt is undergoing agglomeration.  
EIS data was collected at 30 oC and 80 oC during each day of start-stop analysis. 
At 30 oC, the ELAT electrode exhibited a decrease in ionic resistance over the duration of 
the experiment, though the response on Day 8 appeared unstable. Conversely, the SS-
CCE electrode displayed an increase in the length of the Warburg region from Day 1 to 
Day 12, indicating ionic resistance decreased. These trends were also apparent in Figure 
6.6, which shows the impedance response for each electrode at 80 oC. Nyquist plots 
established that the response was unstable for the SS-CCE at 80 oC, likely due to excess 
water which can cause localized flooding and a change in the resistance profile. The 
decrease in ionic resistance for ELAT electrodes could be due to the gradual increase in 




electrodes suggests too much water which blocks routes for gas transport or the continual 
addition and removal of water introduces discontinuity in proton-conducting pathways.  
 
EIS response over 300 hours showed that the high frequency region of the 
impedance profiles revealed some improvement in ionic resistance for the SS-CCE 
electrodes. The electrodes are therefore susceptible to platinum agglomeration and loss of 
active catalyst during continuous load operation, but proton transport is enhanced. The 
change in impedance at high frequency may be due to change in the distribution of 
ionomer throughout the experiment.12,15 This can be attributed to changes in hydration as 
well15, since water conducts protons. As the relative humidity was held constant at 40%, a 
build-up of liquid water in the catalyst layer could be donated to the membrane via back-
diffusion and may account for the reduction in the high frequency intercept over 300 
hours. The change in the impedance profile may be accredited to residual oxygen in the 
catalyst layer after 300 hours of operation.  
 
Changes in impedance response are better visualized as capacitance plots (Figures 
6.7 and 6.8). The increase in slope steepness for the ELAT electrode over the length of 
experimentation shows that proton conductivity was improved over multiple start-stop 
cycles. There was also a slight increase in limiting capacitance, likely due to improved 
hydration of the catalyst layer over time. Since capacitance is proportional to area, the 
ELAT electrodes appeared to have more accessible area as the operation time increased. 
Platinum ECSA decreased rapidly for these electrodes over several days and thus the 
increase in capacitance could be due to an increase in the carbon surface area due to the 
incidence of platinum agglomeration exposing more of the carbon surface. The results of 
electrochemical testing do not suggest carbon corrosion or ionomer degradation as the 
proton conductivity improves over time. SS-CCE electrodes, on the other hand, initially 
exhibit higher proton conductivity than ELAT electrodes but over twelve days of start-
stop testing this conductivity decreases. The capacitance, however, changed very little 
during the experiment. This suggests that the active area does not change significantly 
and that there are no drastic changes in microstructure related to carbon corrosion. 




chemical breakdown (side chain loss) or morphology changes. With very little 
capacitance change, it is more likely that chemical breakdown is the mechanism of 
degradation. Additionally, the notably higher ECSA of the SS-CCE suggests that more of 
the active catalyst area can be accessed with this type of electrode structure than for the 
traditional Nafion-based electrode, and therefore the SS-CCE electrodes could be 
operated for longer time periods before loss of Pt surface area is detrimental to 
performance.  
 
Polarization curves taken at 30 oC (Figure 6.9) indicate that both cathodes exhibit 
some improvement in performance after the first few days of experimentation. This is 
expected as it will take time for the MEAs to be optimally conditioned. Performance for 
the two electrode types is similar at low current densities, but the ELAT electrode is able 
to achieve higher current densities. The SS-CCE electrodes appear to suffer from mass 
transport issues even at 30 oC due to their hygroscopic nature. At 80 oC (Figure 6.10), the 
ELAT electrodes are quite stable until they have been exposed to several start-stop cycles 
and by Day 8 performance is severely limited. The SS-CCE electrodes appeared to have 
superior performance at low current densities, and performance is improved at higher 
temperatures. While overall performance for these electrodes was enhanced and remained 
stable at low current densities over twelve days, limitations due to mass transport 
increased. At 80 oC and 100% relative humidity, there was more liquid water in the 
system than there was at 30 oC. The hygroscopic silane materials have caused retention of 
liquid water in the porous network, and flooding of the catalyst layer is a performance 
limitation in the mass transport region.  
 
Continuous performance testing indicated that SS-CCE cathode catalyst layers 
can survive over 300 hours of operation under constant load. It is noteworthy that under 
the same conditions (40% cathode relative humidity), a MEA constructed with a Nafion-
based cathode was unable to survive 300 hours. The two SS-CCE cathodes tested both 
showed a reduction in voltage of about 20% at constant load over the 300 hours. If 
performance degraded at a constant rate it would suggest that the SS-CCE cannot operate 




performed longer than the Nafion-based cathode. Polarization curves taken at the BOL 
for the SS-CCE MEAs performed better than the Nafion-based one, and at the EOL had 
similar performance at low current densities. Some contribution from mass transport 
limitations are evident in these curves as they were for the start-stop testing, though not 
as pronounced due to 40% RH conditions at the cathode. From our other studies14, 
described in detail in Chapter 5, the SS-CCE materials perform best at 20% RH when 
mass transport effects are minimized. It is possible that performance would be further 
enhanced with these cathode conditions and may result in better long-term stability once 
mass transport effects are eliminated. Reduction in membrane resistance over operation 
time (Figure 6.19) confirms that prolonged use and accumulation of water in the catalyst 
layer can aid performance by retaining proton transport capabilities at 40% RH via 
removal of water from the cathode to the membrane and anode.  
  
In both types of experiments, impedance data does not indicate that resistance 
increases significantly over time and fuel cell performance it still adequate at the end of 
the study. This suggests that electrode delamination from the membrane does not occur. 
The absence of delamination is noteworthy as the ionomer materials in the membrane and 
electrode are dissimilar, and use of alternative (non-Nafion) ionomers can result in poor 
adhesion to the Nafion membrane.16,17 Considering that the MEAs were subjected to 
temperature and hydration changes throughout the start-stop cycle experiment, it is 
expected that differing thermal and physical expansion properties for the ionomers may 
lead to delamination over time. Our durability studies do not indicate that delamination is 
an issue for this type of MEA fabrication for the tested operation conditions.     
 
Examination of the results from the two types of degradation environments 
suggest that the SS-CCE electrodes are able to survive start up and shut down procedures 
as well as up to 300 hours of continuous use. An operating fuel cell would require that 
cathodes survive many more hours under these conditions, but the fact that this type of 
cathode construction can survive these condensed tests is promising. Experiments on 
non-Nafion based ionomers in the catalyst layer are not extensive, and most potential 




candidates for an electrode ionomer. Typically, these alternative ionomer electrodes are 
prepared to reduce interfacial resistance between novel membranes and traditional 
Nafion-containing electrodes. Ramani et al.18 found that MEAs prepared with sulfonated 
poly(ether ketone ketone) membranes and electrodes were unable to survive more than 2-
3 days (~30 hours) of start-stop testing due to repeated swelling and shrinkage. Use of 
Nafion ionomer in electrodes for a MEA consisting of sulfonated poly(ether ether ketone) 
resulted in delamination over 10 days of continuous fuel supply in a direct methanol fuel 
cell, with only periodic testing protocols applied.19 Similar results were found when 
sulfonated poly(arylene ether sulfone) (sPAES) and Nafion were compared as binder 
materials for sPAES membranes.20 Kim et al.21 performed a lifetime test on sol-gel based 
silicon electrodes prepared for direct methanol fuel cell applications for 250 hours at a 
constant voltage of 0.4 V and observed an increase in current density over the first 150 
hours. The MEAs were prepared using a sol-gel derived membrane as well, and 
eventually achieved a constant current density of ca. 340 μA cm-2.21 Sung et al.22 tested 
MEAs fabricated using Nafion-based electrodes and sulfonated polyimide membranes 
with and without a cross-linking polymer layer between the membrane and electrode. It 
was determined that after 1000 hours of operation at 0.4 V the MEA with a cross-linker 
had a higher current density (~200 mA cm-2 vs. ~160 mA cm-2) which was attributed to 
better adhesion between the unlike ionomers which prevented delamination. The work 
presented in this study appears to be a more extensive examination of alternative catalyst 
structure degradation than is present in current literature. 
 
Degradation of SS-CCE catalyst layers appears to include the loss of Pt surface 
area due to agglomeration of Pt particles. This result was also seen for Nafion-based 
catalyst layers and is thus dependent on the type of catalyst/carbon support system as 
opposed to the ionomer used. In the start-stop experiments the percentage retention of 
ECSA was 28% for the SS-CCE and 24% for the ELAT catalyst layers, though this 
difference is minimal and likely within reason for the experiments conducted. A possible 
reason for the difference in ECSA is that an incompatibility can exist between  the 
coordination sphere of oxidized Pt and the membrane electrolyte as a result of ionomer 




re-appearing elsewhere.16 Carbon corrosion does not seem to be an issue when SS-CCE 
materials are exposed to start-up/shut down conditions as limiting capacitance does not 
change. The results of the durability studies indicate that the Si backbone formed through 
sol-gel methods is stable. This may explain why carbon corrosion is not a problem, as the 
stable Si network protects the catalyst support surface and prevents the carbon from being 
oxidized as well as aiding in structure retention if some corrosion begins to occur. Some 
degradation of ionomer is apparent but results are inconclusive as to whether the loss of 
sulfonated functional group is from Nafion membrane or silane degradation. A gradual 
degradation in performance was apparent for the SS-CCE cathodes over time when 
continuous load operation was used, but was more pronounced over start-stop testing. It 
is possible that during repeated potential and temperature cycling, more radical species 
are formed which degrade the ionomer side chains, reducing proton conductivity and cell 
performance over time. 
6.4 Conclusion 
 CCE cathode catalyst layers prepared with a combination of sulfonated and 
unsulfonated silane precursors have been evaluated for their stability under several 
different operating conditions. Continuous load testing for a minimum of 300 hours was 
completed, as were start-stop cycles in which the cell was activated and shut down for a 
12 day period. These results were compared with Nafion-based cathode catalyst layers. 
Effluent was collected from the cathode to test for degradation species that may be 
present during the breakdown of CCE cathodes.   
 
ICP-OES analysis of the effluent suggested that Pt dissolution is not a major 
source of performance loss, nor is degradation of the CCE ionomer backbone. There was 
some evidence of side chain degradation during start-stop testing due to the loss of proton 
conducting groups, but the source of the sulfur loss (Nafion vs. SS-CCE) is inconclusive. 
Long-term degradation testing did not suggest that the backbone of the Nafion membrane 
experienced degradation, and further supported the observation from start-stop testing 




both types of degradation testing for both Nafion-based and SS-CCE cathodes, 
suggesting that platinum agglomeration will occur regardless of the operation conditions. 
 
EIS results suggested that ionic resistance increases and proton conductivity 
decreases when SS-CCE cathodes experience multiple start-up and shut down conditions. 
However, capacitance remains constant and therefore carbon corrosion does not occur as 
a result of protection from the robust silicon ionomer backbone. Some capacitance loss 
was observed over long-term continuous testing which may suggest prolonged exposure 
to constant load may initiate carbon corrosion. Fuel cell performance did not suffer for 
the SS-CCE cathodes during start-stop testing despite the loss in proton-conducting 
sulfonate groups. The continuous testing did show a decrease in performance of 20% 
over 300 hours, likely due to the significant loss in accessible platinum area. Mass 
transport limitations were less pronounced for continuous testing as the cell was operated 
with 40% cathode humidity as opposed to 100% for the start-stop experiment. 
 
Investigation into the performance and stability of SS-CCE catalyst layers have 
continually revealed the same conclusion: while performance at low current densities is 
comparable or superior to Nafion-based catalyst layers under similar temperature and 
humidity conditions, at high current densities their abilities are limited. Mass transport 
limitations related to flooding of the catalyst layer result in a hindrance to performance. 
The hygroscopic nature of the silane materials makes flooding an inherent problem at 
high humidity but can be alleviated by running at lower cathode humidity. This can give 
CCEs an advantage over the Nafion-based cathodes, as evidenced in this chapter. The 
mechanisms of transport in a catalyst layer constructed with a CCE-type structure are 
evidently very different than those in traditional catalyst layers, and common catalyst 
layer models that explain transport do not apply to alternative electrode structures. 
Therefore, it is imperative to gain an understanding of how three-phase transport works in 
these new structures, as the routes of electron, proton, and gas transport may be quite 
different. By discovering which parts of the catalyst layer limit transport, it is possible to 
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Chapter 7:  
 
Investigation of Transport 
Mechanisms for Sulfonated 
Silica-Based Fuel Cell 










7.1 Introduction to Transport Mechanisms 
  
 The performance output of an individual fuel cell, or a fuel cell stack, is 
dependent on many internal and external factors. Temperature, relative humidity, gas 
composition and flow, flow field design, and distribution of materials in the catalyst layer 
can all have a profound effect on the power output of a given membrane electrode 
assembly (MEA). As the cell is operated, a number of the operation conditions are 
dynamic and changes to these conditions can manifest in the performance profile. In 
Chapter 6, performance changes due to durability and decomposition were outlined and 
specific losses were monitored electrochemically as the cell operated under load. 
Variations in electrochemical response such as resistance, conductivity, and fuel cell 
performance can aid in determination of which MEA components are suffering loss. 
Some of the most useful information can come from examination of polarization (I-V) 
curves as they are collected in the operating fuel cell environment; that is, when oxidant 
is present. The cell conditions and reactant dynamics should be identical to what a fuel 
cell would experience during regular use, as opposed to substitution of an inert gas 
(nitrogen) for CV and impedance testing. It is essential to monitor performance losses 
and identify their sources in order to design and evaluate a viable catalyst layer. With the 
knowledge that gas transport is restricted, or that catalytic sites are unavailable, comes the 
ability to modify the catalyst layer or reaction conditions to mitigate loss and maintain 
reliable performance. 
 There are a number of intrinsic losses associated with general fuel cell operation. 
The most basic of these losses are activation polarization, which are due to slow reaction 
kinetics at the electrodes as the HOR and ORR reactions will never reach theoretical 
efficiencies.
1,2
 The more efficient these reactions are (i.e., the greater the exchange 
current density), the lower the activation losses will be. Ohmic (or resistive) losses result 
from the ability of the ionomer to transport protons through the membrane and catalyst 
layers, as well as electronic resistance due to contact resistance limiting the ability to 
transport electrons.
1-3
 Losses from concentration polarization manifest when reactant 
transport is limited from reaching active sites.
1,2
 The aforementioned losses are 




concentration polarization regions. A visual of where these regions typically occur is 
shown in Chapter 1 (Figure 1.10). The general profile of a polarization curve has a sharp 
potential drop at low current density (activation), followed by a slower linear drop at 




 When it comes to function and durability, the polarization curve can provide a 
wealth of information about the catalyst layer. Examination of the activation region will 
suggest whether reaction kinetics can be improved. Since the ORR reaction is more 
sluggish than the HOR, modification of the cathode catalyst layer may show increased 
performance in the activation region. Insufficient ionomer content or poor carbon 
distribution will be evidenced by changes in the ohmic region.
3
 Restriction of oxygen 
transport to and from catalyst sites, for example via catalyst layer flooding, would be 
apparent from the concentration polarization region. To gather detailed information, such 
as which part of the catalyst layer is responsible for changes in transport or resistance, a 
series of several oxidant gases may be used. Pure oxygen at the cathode will provide 
information about the true reaction kinetics and the ability of the gas to diffuse 
throughout the catalyst layer.
4
 As many fuel cells for terrestrial applications are designed 
to use air as an oxidant, it is reasonable that air should also be tested. When air is used for 
the cathode instead of pure oxygen, mass transport losses are often visible.
5
 Additionally, 
the use of dilute oxygen concentrations aids in the resolution of the source of mass 
transport limitations. An inert gas such as N2 or He is used as it should not interfere with 
any of the internal reactions, and changes between curves taken for gas mixtures with 
identical O2 concentration but different diluent can further resolve transport problems.
4
 
Several groups have studied transport phenomena in catalyst layers for the 
purpose of identifying properties of Nafion and sulfonated poly ether-derived 
ionomers.
1,5-7
 To our knowledge, this is the first time transport has been extensively 
investigated in silane-based ionomers. The design of the SS-CCE catalyst layer is such 
that it should allow for excellent gas transport capabilities imparted by its porous nature. 
The ionomer fabrication method via in-situ polymerization is theorized to provide 




capabilities of MEAs prepared with a Nafion-based cathode catalyst layer and a SS-CCE-
based cathode catalyst layer have been examined and quantified using the methods by 
Williams et al.
1
 and Sambandam et al.
6,7
 Comparison of the polarization data and 
performance characteristics is presented.  
 
7.2 Experimental  
7.2.1 CCE Preparation 
CCE materials for spray deposition were prepared at via the sol gel method as 
outlined in our previous publications
8,9
. Dry 20% Pt on Vulcan XC72 carbon black 
(ETEK BASF) was combined with deionized water, methanol, and 6M ammonium 
hydroxide. Deionized water was added first to prevent platinum ignition upon subsequent 
addition of methanol. The catalyst mixture were mechanically stirred, after which 
additions of tetraethylorthosilicate (TEOS) and 3-(trihydroxysilyl)-1-propanesulfonic 
acid (TPS, 30-35% in water) were added drop-wise to achieve a 6:94 TPS-to-TEOS mole 
ratio at a constant total silane concentration of ca. 40%, which was previously determined 
to be optimal for fuel cell performance.
8,9
 After several days, the partially gelled CCE 
was spray deposited onto a gas diffusion layer coated with a microporous layer (MPL) 
using an air brush. Following deposition, the resulting electrodes was dried for 30 min at 
both room temperature and 135
o
C. The electrode had a platinum loading of 0.34 mg cm
-2
 
and a total silicate loading of 40 wt%, and will be referred to hereafter as SS-CCE. 
7.2.2 MEA Preparation 
Standard GDE electrodes were prepared in-house to act as the anode and the state-
of-the-art cathode for transport testing. A solution of Nafion (5 wt% in alcohols, Ion 
Power Liquion LQ-1105) was mixed with 20% Pt on Vulcan XC72 carbon black 
(Premetek Co.). Deionized water and isopropyl alcohol were added to the solution to 
adjust consistency for spraying. The resulting mixture was stirred for 2 hours, sonicated 
for 1 hour, and stirred for at least 1 hour before spray-deposition onto carbon fibre paper 
(CFP) from Toray (TPGH-090, 10% wet proofing). The resulting GDE was left to dry at 
room temperature overnight and then placed in an oven to dry at 135 
o




of 30 minutes. The final GDE composition was 0.31 mg cm
-2
 platinum and 30.1 wt% 
Nafion. 
 
Fuel cell membrane electrode assemblies (MEAs) were fabricated by hot-pressing 
(150 kg cm
-2
 for 90s at 130 
o
C) a 5 cm
2
 test electrode (cathode) and a similar-sized 
commercial anode (preparation detailed above) across a Nafion NRE212 membrane. For 
comparison, a MEA was prepared using an ELAT electrode as both the test electrode and 
the anode. MEAs were tested in a 5 cm
2
 test fuel cell (Fuel Cell Technologies) on a 
commercial fuel cell test station (Fuel Cell Technologies, 120A unit) controlled using 
Labview software. External plumbing was configured to allow a switch between oxygen 
and nitrogen feeds, or between air, Helox, and 4% nitrogen in oxygen feeds. 
 
7.2.3 Fuel Cell Electrochemical Testing Protocol 
Cyclic voltammetry (CV) measurements were conducted using a Solartron 1470E 
multichannel potentiostat controlled using Multistat software (Scribner Associates). CV 
measurements were performed for a potential range between 0.08 and 1.4 V (vs RHE) 
with humidified N2 flowing at the cathode and with the H2 anode serving as both the 
reference and the counter electrode. The desired temperature for analysis was allowed to 
stabilize and a minimum of 20 cycles were performed before collecting CVs.  
Electrochemical impedance spectroscopy (EIS) measurements were conducted 
using a Solartron 1260 frequency response analyzer controlled using Multistat software 
(Scribner Associates). EIS measurements were collected over a frequency range of 100 
kHz to 0.1 Hz at a DC bias potential of 0.425 V (vs. RHE). EIS data was analyzed using a 
finite transmission-line model developed by the Pickup group
10,11
 (as described in 
Chapter 1). For fuel cell electrodes, EIS measurements were performed with humidified 
N2 flowing at the cathode and with the H2 anode serving as both the reference and the 
counter electrode. 
Fuel cell testing procedures to study transport processes were adapted from 
Sambandam and Ramani.
7
 Firstly, MEAs were tested at 25 
o
C and 100% RH to obtain 




remaining experiments were conducted at a cell temperature of 80 
o
C and with 10 psig 
(170 kPa) back pressure at the anode and cathode. Both control and CCE samples were 
measured with 100% RH at the anode and 75% RH at the cathode. Since previous studies 
of CCE performance indicated significant mass transport issues at high humidity, the 
CCE MEA was also tested with cathode conditions of 66% RH, 43% RH, and 20% RH. 
CV and EIS measurements were taken with gas flows of 50 mL min
-1
 for H2 and 100 mL 
min
-1
 N2 to mitigate H2 crossover.  
For performance testing, O2 and auxiliary reactant gases were held at a constant 
stoichiometry of 2 with 10 psig back pressure. This resulted in flow rates of 205 mL min
-
1
 and 100 mL min
-1
 for H2 and O2, respectively. Auxiliary reactant gas flows were set at 
233 mL min
-1
 (air and helox) and 1225 mL min
-1
 (4% O2 in N2) with a constant H2 flow 
of 100 mL min
-1
. Oxidant gases were tested in the order of: O2, air, helox, and 4% N2 in 
O2. Potentiostatic holds of 0.5-0.7V were used to aid with conditioning and ensure stable 
performance before polarization curves were taken. After performance measurements 
were finished for the MEA, CV and EIS measurements were again taken at 25 
o
C and 80 
o
C to examine changes in ECSA, conductivity, and resistance. 
 
7.2.4 Analysis of Results 
Oxygen is used to gather I-V curves and obtain information about the kinetics of 
pure oxygen, while dilute oxygen concentrations (in N2 or He) can help resolve mass 
transport losses and their sources such as carbon corrosion, change in carbon 
hydrophilicity, and changes in porosity/pore distribution.
4
 Evaluation using these 
methods can be quite complex and time consuming, and as such there are only a few 
groups who study this technique extensively.
1,5-7
 An overview of the calculations used for 
evaluation of the catalyst layers is detailed in this section. 
7.2.4.1 Polarization Data Analysis 
Steady-state polarization curves were collected for test MEAs under O2, air (21% 
O2 in N2), helox (21% O2 in He), and 4% O2 in N2. Polarization curves were plotted as 




log scale for subsequent calculations. The overpotential (η) was calculated from the 
experimental cell voltage (Vcell) by subtraction of the theoretical equilibrium cell voltage 
(Veq) using the equation:  
                                                                                                   Equation 7.1                        
The equilibrium cell voltage was calculated from the Nernst equation in the following 
form: 
                                                  
/
                                 Equation 7.2 
In the above equation, V
o
eq is the equilibrium cell voltage at the operating cell 
temperature (1.16-1.21 V) with unit activity of reactants and products, T is the operating 




), F is Faraday’s 
constant (96485 C mol
-1
) and px represents the partial pressure of the reactants and 
products raised to their corresponding stoichiometric coefficients. Partial pressures were 




                                                          log                                        Equation 7.3 
where p is the vapour pressure, t is the temperature (in K), and A, B, and C are constants 
whose value is dependent on the component under study and the units of pressure to be 
calculated. For this experiment, A = 4.6543, B = 1435.264, and C = -64.845.
13
 The partial 
pressure calculation took into consideration the fact that anode and cathode gas lines were 
pressurized to 10 psig (170 kPa). 
 The calculated overpotential η can be referred to as the “total” overpotential, as it 
is the sum of several types of polarization loss. The sources of polarization include
7
: 
 Membrane (also referred to as non-electrode) ohmic overpotential due to proton 
resistance within the membrane, electronic resistance in the GDL, and all 
instances of contact resistance 





 Non-electrode concentration overpotential due to oxygen transport through the 
GDL and ionomer (where oxygen is not consumed) 
 Electrode concentration overpotential due to oxygen transport losses as it is 
reduced to produce water 
 Cathode activation overpotential 
The polarization data gathered can be further manipulated to expose the individual 
contribution from each of the aforementioned sources to performance loss. A stepwise 
approach was used to elucidate information about the membrane ohmic overpotential, 
electrode ohmic overpotential, non-electrode concentration overpotential, and electrode 
concentration overpotential. 
7.2.4.2 Membrane Ohmic Overpotential  
The membrane resistance (Rmem) was estimated using electrochemical impedance 
spectroscopy (EIS) under nitrogen. The value for Rmem was taken as the high frequency 
resistance (HFR) and thus determined as the value at which the impedance profile crosses 
the x-axis of a Nyquist plot. For any operating current density “i” (in A cm
-2
), 
                                                    ,                                Equation 7.4 
To correct the overpotential for membrane ohmic contributions,  
                                                    ,                                Equation 7.5 
A plot of η1 versus current density will produce membrane ohmic overpotential corrected 
curves. 
7.2.4.3 Electrode Ohmic Overpotential 
The general assumption for the ORR in a fuel cell is that the current (and thus 
reaction rate) has a first-order dependence on O2 concentration.
1,7,14
 It is also commonly 
assumed that the transport of O2 obeys Fick’s law of diffusion. If this is true, the ratio of 
current density obtained from an oxygen polarization curve to an air polarization curve 
(at the same voltage) should equal 4.76 as this is the ratio of oxygen concentration in O2 




curves should be 5.25. If the current density ratio is less than 4.76 or 5.25, it is 
presumed
1,7
 that ohmic effects are present and an iterative process is used to find a value 
of Relectrode that, once applied to O2 and air polarization curves, will produce a current 
ratio closest to 4.76 or 5.25. The iterative process begins by plotting the polarization 
curves as η1 versus current density for both O2 and air (or air and 4% O2) and determining 
if there is a potential at which the ioxygen/iair is 4.76 (or iair/i4%O2 is 5.25). If the Relectrode 
cannot be determined through the initial calculation, a value of Relectrode was assumed and 
both curves were corrected using the following formula: 
                                                 ,                              Equation 7.6 
This process was repeated until a potential was found to produce the desired current ratio. 
To obtain a plot for overpotential that accounts for membrane and electrode corrected 
data (referred to as the IR-free overpotential): 
                                                    ,                                Equation 7.7 
7.2.4.4 Non-electrode Concentration Overpotential 
 
The non-electrode concentration overpotential (ηconc,nonelectrode) accounts for 
concentration polarization that occurs in the gas diffusion layers (GDL) and 
binder/ionomer film. These are regions in the catalyst layer where O2 is being transported 
but not consumed. To determine the contribution of this overpotential, the limiting 
current (iL) must be established. Initially, iL is estimated by extrapolating the O2, air, or 
4% O2 polarization curve to the x-axis. This value is used to create a plot of η2 versus log 
[i*iL/(iL-i)] with “i” as the operating current density. A line of best fit is applied to this 
plot and iL is adjusted until the best straight line fit (R
2
 value) is achieved. This straight 
line represents the IR-free overpotential corrected for losses from non-reacting O2 
transport (GDL + binder/ionomer film). The potential difference (in mV) between this 
overpotential and η2 provides a measure of quantifying the non-reacting transport losses. 
This process was completed for O2, air, and 4% O2 polarization data. 
 
In some cases, the plot of η2 versus log [i*iL/(iL-i)] did not yield a straight line. In 




density fit used to determine iL and the regression equation at high current density was 
applied to the entire data set.
14
  
7.2.4.5 Electrode Concentration Overpotential 
The electrode concentration overpotential represents O2 transportation losses 
within the cathode catalyst layer, where it undergoes both transport and reduction. To 
gain an estimation of this overpotential contribution, the Tafel line at low current density 
(10-100 mA cm
-2
) must be extended over the range of current density. The potential 
difference (in mV) between the extended Tafel line and data corrected for ohmic and 
non-reacting transport is defined as the overpotential related to cathode layer transport 
losses via the following equation: 
                                                  ,                                  Equation 7.8 
The value of η3 accounts for the final overpotential as a result of correcting for all 
ohmic and transport losses. To gather a more correct approximation of ηconc,electrode, the 
Tafel data should be corrected for any hydrogen crossover by calculating the hydrogen 
crossover current and subtracting it from the polarization data at low current density. 





7.3 Results and Discussion 
7.3.1 ECSA and EIS 
The electrochemical surface area (ECSA) for platinum was calculated for the 
Premetek and SS-CCE electrodes before and after the transport study was conducted. CV 
measurements were taken at 25 
o
C to get BOL and EOL values, while an experiment was 
also conducted at 80 
o
C and 75% RH to compare the ECSA during transport study 
conditions to those at 25 
o
C. These results are displayed in Figure 7.1 and show that at 
BOL, the ECSA for the SS-CCE was slightly higher than for the Nafion-based cathode. 
By the end of experimentation, this value had dropped for both cathodes by 
approximately half the original ECSA. This indicates that some type of catalyst loss is 
present for both electrodes. At 80 
o




transport measurements), the ECSA is significantly smaller than at 25 
o
C. This 
comparison was necessary to conclude that the SS-CCE catalyst layer experienced similar 
catalyst loss as the Nafion-based electrode, especially since the SS-CCE cathode was 
tested at several %RH conditions and thus was utilized for a longer period of time. It 
appears that there is no greater catalyst layer loss for the SS-CCE cathode compared to 
the standard catalyst layer. 
 
Figure 7.1. Comparison of ECSA values before and after transport measurements for Nafion-based 
standard cathode and SS-CCE cathode. BOL and EOL values taken at 25 oC. 
 
Electrochemical impedance (EIS) experiments were conducted along with the CV 
tests to track changes in catalyst layer over the course of the study and possibly help 
explain some of the transport phenomena. Figure 7.2 compares Nyquist plots taken at the 
BOL and EOL for the Nafion-based and SS-CCE cathodes. For both electrodes there is a 
lengthening of the Warburg region over experiment duration, indicating an increase in 
ionic resistance. The SS-CCE cathode catalyst layer at BOL has a lower ionic resistance 
than the Nafion-based cathode, suggesting the CCE cathode has sufficient construction to 
facilitate ion transport. These trends are better visualized as capacitance plots (Figure 7.3) 
where it is evident that the ability to conduct protons is higher for the SS-CCE cathode 




conductivity over the course of the experiment. Additionally, the SS-CCE displays a 
much higher limiting capacitance compared to the Nafion electrode due to the presence of 
a MPL as part of the electrode fabrication process. There does not appear to be any loss 
in capacitance, which suggests no significant carbon corrosion or ionomer degradation 
occurred. The change in ECSA over time is therefore due to Pt dissolution or 
agglomeration.
15,16
 This conclusion is further supported by the fact that the change in 
ECSA appears to occur at the same rate for both types of electrodes. 
 
Figure 7.2. Comparison of impedance response (Nyquist plots) at 25 oC for Nafion-based and SS-CCE 
cathodes at beginning and end of life for transport phenomena experiment. 
 
Figure 7.3. Comparison of impedance response (capacitance plots) at 25 oC for Nafion-based and SS-CCE 




7.3.2 Comparison of Polarization Curves 
Polarization curves were collected in triplicate to find the average curve 
associated with a given set of temperature or RH conditions. The raw data collected and 
averaged for the standard Nafion-based and SS-CCE MEAs are shown in Figures 7.4-7.8. 
Figure 7.4 compares the polarization curves collected for the Nafion cathode at 75% RH 
under oxygen, air, helox, and 4% O2. A voltage drop is clearly visible for the air curve 
compared to O2, which is due to the difference in O2 concentration that results at the 
catalyst surface even with an identical stoichiometry.
2
 The higher potential displayed by 
the O2 curve compared to air suggests that mass transport issues are present.
2
 The air and 
helox curves display identical performance at low current densities, but as the current 
density increases the cathode began to exhibit mass transport issues in air. Ideally, since 
the O2 concentration in air and helox are the same, the oxygen will diffuse through water 
at the same rate, but issues with gas phase diffusion manifest as differences in the two 
curves.
2
 This is because when helox is used as the oxidant, O2 diffusivity in helium is 
greater than in nitrogen.
2,5
 The curve where 4% O2 in N2 is used at the cathode exhibits 
poor performance compared to the other oxidants, but this is expected as the low oxidant 
concentration requires high flow rates to achieve the appropriate stoichiometry and 
occurs in a similar manner as the voltage drop seen for air, discussed above. 
 
Figure 7.4. Comparison of polarization curves taken for Nafion-based catalyst layer at 80 oC and 75% RH 





Figure 7.5. Comparison of polarization curves taken for SS-CCE catalyst layer at 80 oC and 75% RH with 
different oxidants (10 psig back pressure). 
 
Figure 7.6. Comparison of polarization curves taken for SS-CCE catalyst layer at 80 oC and 66% RH with 





Figure 7.7. Comparison of polarization curves taken for SS-CCE catalyst layer at 80 oC and 43% RH with 
different oxidants (10 psig back pressure). 
 
Figure 7.8. Comparison of polarization curves taken for SS-CCE catalyst layer at 80 oC and 20% RH with 





Figures 7.5-7.8 represent the average polarization curves taken for the SS-CCE 
cathode taken at relative humidities of 75%, 66%, 43%, and 20%. It is evident in Figure 
7.5 that at 75% RH there were mass transport issues that arise from flooding. The 
performance under oxygen, air, and helox were similar at low current densities, though at 
higher current densities the air and helox actually have improved performance. This could 
be due to the higher flow rates used to achieve constant stoichiometry. The increased 
movement of gas in the catalyst layer may deter liquid water from pooling and drying out 
the cathode compared to when oxygen passes through at a lower flow rate, thus 
maintaining a better water balance. At 66% RH (Figure 7.6) the performance was similar 
for oxygen, air, and helox, likely due to the decrease in water content in the cathode. For 
43% RH (Figure 7.7), there were minimal mass transport limitations under any of the 
oxidant conditions and at 20% RH (Figure 7.8) the polarization curves for oxygen, air, 
and helox were essentially identical. The results shown in Figures 7.6-7.8 are interesting 
as an IR drop is expected for air (as observed for the Nafion-based standard), as well as 
improvement in mass transport for use of helox versus air. The results suggest that O2 
diffusivity is not limited at lower RH conditions 
7.3.3 Overpotential Corrections 
The contribution of each polarization source is relative depending on the current 
density used for comparison. With this fact in mind, only select current densities are used 
to compare and quantify the contribution of each loss for the MEAs but the analysis has 
been performed on the entire data spectrum. Table 7.1 compares the overpotential 
contributions for the catalyst layers when oxygen, air, and 4% oxygen in nitrogen are 
used as oxidants. Since the performance of the SS-CCE catalyst layer was significantly 
better at 20% RH compared to 75% RH, the SS-CCE MEA has been evaluated under 
both sets of conditions and compared to the Nafion-based MEA. In literature
1,14
 the 
current densities used to compare oxidants are often higher, but in this study the limiting 














































































































































































































































































































































































































































































































































































































































































































































































































































































7.3.2.1 Membrane Ohmic Overpotential 
It is clear from Table 7.1 that contributions from the membrane ohmic 
overpotential (ηohm,membrane) are lower for the Nafion-based catalyst layer than for the SS-
CCE catalyst layer. As seen from Table 7.2, which compares different characteristics of 
the MEAs, the membrane resistance values for the SS-CCE are higher than for the Nafion 
standard. Since the membranes are identical for the MEAs prepared, the difference in 
overpotential is likely due to contact resistance between the ionomer in the catalyst layer 
and in the membrane. The standard MEA includes both a Nafion membrane and Nafion 
ionomer in the catalyst layer, thus the contact resistance should be minimal. Application 
of the SS-CCE cathode to the Nafion membrane may introduce increased resistance to 
proton transport as the sulfonated silane is not as effective at proton conduction as 
Nafion. There is a slight decrease in the membrane ohmic overpotential (due to a 
decrease in resistance) when the SS-CCE is operated at 20% RH versus 75% RH. Based 
on the previous research on SS-CCE materials
17
, this is due to removal of excess water 
from the cathode via back diffusion of water from the cathode to the membrane which 
improves the performance of the MEA at low relative humidity.    
7.3.2.2 Electrode Ohmic Overpotential 
Just as for the membrane ohmic overpotential, the electrode ohmic overpotential 
(ηohm,electrode) is higher for the SS-CCE catalyst layer than for the Nafion-based electrode. 
Since the electrode ohmic overpotential accounts for both proton and electronic resistance 
in the electrodes, this is not surprising. As discussed in the previous section, the proton 
resistance for the sulfonated silane is higher than for Nafion and thus the electrode ohmic 
overpotential would be higher for the SS-CCE materials in the case where the electronic 
resistance were the same for both electrodes. It is possible that the electronic resistance is 
slightly higher for the SS-CCE electrodes as well if the morphology of the silane were to 
impede electron transport through the carbon material. There has been no specific 
evidence of decreased electronic resistance within this SS-CCE composition, and the 
relative differences in potential for the membrane and electrode ohmic overpotentials 
when comparing the SS-CCE and Nafion electrodes is fairly constant. It stands to reason 




the membrane to electrode ohmic overpotentials, it is clear that for both types of 
electrodes there is a higher contribution to overpotential from the cathode than from the 
membrane. Therefore, losses in fuel cell performance are more significantly affected by 
changes in the electrode than in the membrane.  
 
It was possible in all three analyses to find a value of Relectrode that satisfied the 
theoretical current ratios (4.76 or 5.25), though for the SS-CCE samples only the ratio 
between air and 4% oxygen could be evaluated. This is because at 75% RH, the air 
polarization curve performed better than for oxygen and already the theoretical ratio of 
oxygen-to-air was not applicable. At 20% RH, the oxygen and air curves were almost 
identical and no value could be found to satisfy the current ratio of 4.76 so the ratio 
between air and 4% oxygen was used instead. The successful determination of the 
theoretical current ratio indicates that there is a first-order dependence on O2 
concentration in the absence of transport limitations. As discussed previously, flooding in 
the catalyst layer at 75% RH for the SS-CCE will skew the results for determining 
oxygen concentration, and the high flow of air at low humidity appeared to improve 
performance of the SS-CCE at low RH as the electrode performs better under drier 
conditions. 
7.3.2.3 Non-Electrode Concentration Overpotential 
Table 7.1 highlights the variation in the overpotential due to non-reacting oxygen 
transport (ηconc,nonelectrode). There is no distinct trend between catalyst layers across 
different oxidants. When pure oxygen is used, the contribution due to oxygen transport in 
the GDL is highest for the SS-CCE at 75% RH. This result is reasonable, as the SS-CCE 
exhibited significant flooding (Figure 7.5) at 75% and thus there is a considerable amount 
of water in the catalyst layer. The GDL contains hydrophobic binder, but the catalyst 
layer consists of a hydrophilic binder and therefore oxygen transport is restricted by 
liquid water when it reaches the catalyst layer. No flooding was evident in the oxygen 
polarization curves for the Nafion catalyst layer at 75% RH or the SS-CCE at 20% RH, 
thus the contribution of ηconc,nonelectrode is minimal. When air is used as the oxidant, the 




either of the SS-CCE catalyst layers. The higher flow rates for air appear to improve 
transport through the GDL and binder as the liquid water is forced out of the cathode, but 
for the Nafion-based cathode the ability of oxygen to be transported is limited. This 
suggests that the addition of the MPL/GDL system, along with the porous nature of the 
CCE, may allow for improved oxygen transport to the cathode than can be achieved with 
direct application of a Nafion-based electrode to a GDL. 
 
For the data obtained for the Nafion-based cathode and the SS-CCE cathode 
(75%) under air and oxygen, one linear plot could not be made from η2 versus log 
[i*iL/(iL-i)]. In these cases, the data was corrected based on the higher current density data 
and applied to the entire curve as prescribed by the fitting procedure used by Sambandam 
and Ramani.
14
 A deviation from linearity in a η2 versus log [i*iL/(iL-i)] plot indicates that 
the O2 concentration experiences activation control at low current density, but both 
activation and diffusion controlled at high current density
18
. These deviations occurred 
ca. 200 mA cm
-2
 and indicate that at current densities above this value, losses due to 
hindrance of diffusion were present. Since the low O2 concentrations did not exhibit 
deviations due to diffusion control, nor did the SS-CCE at 20% RH, it is unlikely that the 
issue could be attributed to low O2 content in the cathode gas feed. It is more likely that at 
under more humid conditions, there is liquid water at the interface between the catalyst 
layer and GDL that impeded O2 transport. The high gas flow rates for the low O2 
concentration oxidant would force the water out of the catalyst layer and thus transport is 
only activation controlled. 
7.3.2.4 Electrode Concentration Overpotential 
The overpotential that results from both transport and reaction of O2 in the 
cathode (ηconc,electrode) did not exhibit a clear trend across catalyst layers. For both MEAs, 
the electrode concentration overpotential had the largest contribution to the total 
overpotential when oxygen and air were used as oxidants. This indicates that the ability 
of the cathodes to transport and react with oxygen had the greatest effect on the 
polarization curve. The fact that the values of ηconc,electrode were higher for SS-CCE than 




mass transport issues for the SS-CCE. The contribution from ηconc,electrode was higher for 
the SS-CCE at 20% RH than at 75% which was unanticipated. It was believed that the 
reduced water content would improve the transport of O2 throughout the cathode. It is 
possible that the increase in electrode concentration overpotential is a result of a 
temperature differential as opposed to water content. To achieve 20% RH, the oxidant gas 
feed was held at 45 
o
C and passed through the cell which was set to 80 
o
C whereas for 
75% RH the oxidant temperature was 73 
o
C. While the reaction environment at the 
cathode should be at 80 
o
C due to the constant cell temperature, a decrease in the actual 
temperature between the 75% RH and 20% RH environments could result in a reduction 
in the reaction kinetics and thus the ability of the cathode to convert O2 to water.   
7.3.2.5 MEA Characteristics 
Table 7.2 summarizes several characteristic parameters that were calculated 
throughout the process of determining overpotential contributions. Even though identical 
membranes were used, the membrane resistance for the Nafion-based MEA was lower 
than for the SS-CCE cathodes due to contact resistance between the cathode and the 
membrane. There was a slight decrease in membrane resistance when the %RH was 
lowered for the SS-CCE as the cathode tends to donate excess water to the membrane 
under dry conditions. The electrode resistance was also lower for the Nafion-based MEA 
and again was lower for the lower humidity SS-CCE. Since the carbon support and gas 
diffusion layers tend to have high electronic conductivity, resistance to proton transport 
tends to be the principal component of Relectrode.
1
 Fluctuations in the water concentration 
at high %RH for SS-CCE cathodes may cause variations in proton pathways and hinder 
proton transport throughout the experiment as the cathode undergoes repeated flooding 
and drying.  
Sambandam et al.
7
 noted that MEAs with a higher limiting current density had a 
lower contribution from the non-electrode concentration overpotential. This trend was not 
observed in our data. Figures 7.9-7.17 show the comparisons for the data sets after each 
correction has been applied. Many of the curves show limitations that have manifested 
due to mass transport, which ultimately affects the evaluation of the limiting current and 




concentration overpotential and is assumed to be applicable to all oxidants since the Tafel 
line is theoretically independent of oxygen concentration.
14
 To test this assumption, 
kinetic Tafel lines were constructed for each oxidant from low current density data. The 
resulting Tafel slopes are compared in Table 7.2. The typical Tafel slope for a 
hydrogen/oxygen fuel cell is ca. 60 mV
2
 and this value was achieved for the SS-CCE 
(75%RH and 20% RH) under air and for the SS-CCE at 75% RH under 4% oxygen. Tafel 
slopes were lower than 60 mV for the Nafion and SS-CCE (20% RH) MEAs, but higher 
for the 75% RH SS-CCE. Clearly the incidence of flooding is limiting the reaction 
kinetics in this case. Additionally, the Tafel slope was higher for the SS-CCE at low 
humidity versus high humidity when the low O2 concentration oxidant was used. This 
supports the observation of a higher ηconc,electrode being the result of kinetic limitations as 
opposed to mass transport limitations.   
The Tafel slopes are clearly not equivalent across oxidants. Considering the 
results of the overpotential determination, this result seems reasonable. In the absence of 
limiting effects the assumption of a constant Tafel slope is rational, but in a practical 
sense the differences in performance characteristics due to differing relative humidities 
and gas flow rates results in performance changes at low current density as well as high 
current density where mass transport limitations are expected.  
 
Figure 7.9. Comparison of overpotential data corrected for various losses for Nafion-based catalyst layer at 





Figure 7.10. Comparison of overpotential data corrected for various losses for Nafion-based catalyst layer 
at 80 oC and 75% RH under air (10 psig back pressure). 
 
 
Figure 7.11. Comparison of overpotential data corrected for various losses for Nafion-based catalyst layer 






Figure 7.12. Comparison of overpotential data corrected for various losses for SS-CCE-based catalyst layer 
at 80 oC and 75% RH under oxygen (10 psig back pressure). 
 
 
Figure 7.13. Comparison of overpotential data corrected for various losses for SS-CCE-based catalyst layer 





Figure 7.14. Comparison of overpotential data corrected for various losses for SS-CCE-based catalyst layer 
at 80 oC and 75% RH under 4% oxygen in nitrogen (10 psig back pressure). 
 
 
Figure 7.15. Comparison of overpotential data corrected for various losses for SS-CCE-based catalyst layer 






Figure 7.16. Comparison of overpotential data corrected for various losses for SS-CCE-based catalyst layer 
at 80 oC and 20% RH under air (10 psig back pressure). 
 
 
Figure 7.17. Comparison of overpotential data corrected for various losses for SS-CCE-based catalyst layer 
at 80 oC and 20% RH under 4% oxygen in nitrogen (10 psig back pressure). 
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Total overpotential contributions were calculated for the electrodes by tallying up 
the individual overpotentials and are listed in Table 7.1. It appears that when air is used 
as an oxidant, it leads to the largest overall overpotential for all electrodes. The total 
overpotentials for operation under air are compared for their relative contributions in 
Figure 7.18. The total values for overpotential are almost identical for the Nafion 
electrode at 75% RH and the SS-CCE electrode at 20% RH. Clearly, the incidence of 
high relative humidity in the cathode has a significant impact on SS-CCE overpotentials. 
Figure 7.19 compares the overpotentials due to ohmic contributions, both from the 
membrane and the electrode. While a reduction in relative humidity offers some 
improvement for ohmic resistance values, it is not enough to make the SS-CCE 
electrodes comparable to Nafion-based electrodes. From Figure 7.20, it is evident that 
SS-CCE cathodes do not suffer significant performance loss due to non-electrode 
concentration overpotential which is a substantial factor in Nafion electrode performance. 
Electrode concentration overpotentials are the largest contributors to the total 
overpotential, but reduction in the relative humidity at the cathode makes the SS-CCE 
less susceptible to performance loss as a result of O2 reaction and transport than the 
Nafion-based catalyst layer.  
 






Figure 7.19. Comparison of ohmic overpotentials calculated for each electrode (oxidant = air, 200 mA    
cm-2). 
 
Figure 7.20. Comparison of concentration overpotentials calculated for each electrode 







It appears that SS-CCE materials have different transport dynamics than Nafion-
based catalyst layers. Membrane ohmic resistance values are higher for the SS-CCE 
electrode than the Nafion cathode, but this value decreases for the SS-CCE when 
operation conditions are adjusted to lower %RH due to the back-diffusion of water from 
the cathode to the membrane. Contributions from electrode ohmic overpotential are 
slightly higher than for membrane ohmic overpotential. The higher values calculated for 
the SS-CCE versus Nafion-based catalyst layers is a result of the increased proton 
conductivity of Nafion. For the non-electrode concentration overpotential, when pure 
oxygen is used the SS-CCE at 75% RH displayed the largest value. This is expected as 
the most significant flooding occurs under these conditions, which restricts oxygen 
transport. The use of air as an oxidant, along with low %RH at the cathode, result in 
lower overpotential contributions in most cases than when other oxidants are used. 
Higher flow rates used for air aid in forcing water out of the cathode and improve O2 
transport in the catalyst layer and GDL. Addition of the MPL to the cathode layer 
construction appeared to improve oxygen transport compared to the Nafion-based 
catalyst layer without an MPL. While the electrode concentration overpotential did not 
exhibit a clear trend across catalyst layers, it contributed most to overpotential for both 
catalyst layers when air and oxygen were used as oxidants. Mass transport issues limit O2 
transport through the cathode when high humidity conditions are used but the 
contribution gets larger at 20% RH, likely a result of slower reaction kinetics due to the 
temperature differential experienced by the cell to maintain cathode humidity at lower 
values. As long as the SS-CCE cathodes are kept at low humidity, their performance is 
not limited by O2 transport. This can have wide-reaching implications as, while their 
performance is not as high as for Nafion at 75% RH, their ability to perform reasonably 
under low RH conditions means they can be used in different environments when Nafion 
cannot. Furthermore, these electrodes can tolerate transient RH fluctuations.    
Qualitatively, the polarization curves for each type of catalyst layer and humidity 
conditions show that for the SS-CCE cathodes, lower relative humidity improves 
performance and O2 transport. This reflects the results found in Chapters 5 and 6 where 
performance was improved at lower relative humidity. The reduction in oxygen transport 




compared to Nafion-based catalyst layers as well as those prepared with SPEEK as the 
ionomer. The value of each overpotential calculated was highly dependent on the current 
density used for comparison. The overpotential values for the Nafion-based catalyst layer 
with air as the oxidant found by Williams et al.
1
 were tabulated for 400 and 600 mA cm
-2
. 
The values in this thesis were compared at 200 mA cm
-2
 as some of the Nafion-based 
electrode polarization curves did not reach those current densities and thus are not 
directly comparable to the Williams data. Despite this, the membrane ohmic overpotential 
was in the same range for both studies. The rest of the overpotential values were higher 
for our electrodes compared to the ones studied by Williams et al., though the electrode 
fabrication process was different between their study and ours. While we prepared gas 
diffusion electrodes, Williams et al. constructed catalyst-coated membranes and then 
applied a MPL/GDL after catalyst layer deposition. Since the analysis method is 
diagnostic as opposed to quantitative, it is more useful to compare trends. The highest 
contribution to overpotential for Nafion-based electrodes in both studies was from the 
electrode concentration overpotential related to oxygen transport and reaction in the 
catalyst layer. The Tafel slope calculated for oxygen data was smaller for our Nafion-
based electrode than for the electrodes found by Williams et al., though they were similar 
to our SS-CCE electrodes indicating that kinetic parameters are comparable between the 
two studies.   
As for alternative ionomer materials, electrodes prepared with different 





 calculated Tafel slopes for SPEEK-based electrodes in the 
range of 70-83 mV/decade whereas our SS-CCE electrodes were found to have Tafel 
slopes of 53 mV/decade (low RH) and 81 mV/decade (high RH). Overpotential values 
calculated for Nafion-based electrodes (air, 200 mA cm
-2
) combined with SPEEK 
membranes were lower than when SPEEK-based electrodes were used. The SPEEK-
based electrodes had much lower membrane ohmic overpotential values than our SS-CCE 
electrodes, though the remaining overpotential values were similar in magnitude. 
Electrode concentration overpotential values are in the same range for both SPEEK (150 
and 225 mV) and SS-CCE electrodes (145 and 219 mV), indicating similar limitations 




CCE electrodes had much lower contributions from the non-electrode concentration 
overpotential, suggesting better O2 transport properties in the GDL and ionomer. This 
may be due to high flow rates of air which aid at drying out the cathode and facilitate the 
movement of O2 towards reaction sites. All of the SPEEK electrodes tested
7,14
 in 
comparative literature were exposed to 80 
o
C and 75% RH, so how these alternative 
ionomers perform at low %RH is left to speculation. For alternative SPEEK/SPSU 
ionomers
14
, current ratios could not be found to satisfy the theoretical values during 
determination of electrode ohmic overpotential which suggested a less than first-order 
dependence on oxygen concentration, the source of which was not determined but may be 
a result of the low O2 permeability in SPEEK compared to Nafion.
19
 Theoretical current 
ratios could be achieved for SS-CCE electrodes, which indicate that the assumption of a 
first-order dependence on O2 concentration and diffusion based on Fick’s law are valid 
for these catalyst layers and that the use of a sulfonated silane ionomer does not limit 
oxygen transport.    
7.4 Conclusion 
 Fuel cell cathode catalyst layers prepared using SS-CCE materials were evaluated 
electrochemically to identify sources of performance loss and compared to a Nafion-
based catalyst layer. Cyclic voltammetry revealed that the ECSA was similar for the two 
electrodes with the SS-CCE exhibiting a slightly higher value. Impedance results suggest 
that while the SS-CCE has slightly better proton conductivity and lower ionic resistance 
than the Nafion-based electrode, both catalyst layers suffered degradation over the course 
of the study of transport phenomena. Limiting capacitance was higher for the SS-CCE 
cathode but neither catalyst layer saw a change in capacitance over time, indicating that 
carbon corrosion was not an issue and electronic pathways were retained. 
  
Four different oxidants were used in the study of transport processes to elucidate 
differences due to oxygen concentration and gas diffusion. The Nafion-based cathode 
was examined at 80 
o
C and 75% RH whereby it exhibited a typical response, with the 
best performance achieved under pure oxygen. The use of helium versus nitrogen as an 




losses. The SS-CCE catalyst layer tested under the same conditions appeared to have 
significant mass transport limitations, even with helium was used as a diluent. As the SS-
CCE cathodes tend to display better performance under drier conditions, the relative 
humidity at the cathode was varied and changes in performance were tracked. As the 
%RH decreased, the performance of the SS-CCE electrode increased. Some deviations in 
the helox profile due to mass transport were atypical and suggest that oxygen diffusion is 
greatly limited in these cases. At 20% RH the SS-CCE performed best, and the similarity 
between the oxygen, air, and helox curves indicates that oxygen diffusivity is not an issue 
for these oxidant concentrations at low relative humidity. Oxygen diffusion through water 
was also not an issue as the air and helox curves are almost identical. 
  
The contribution of four different overpotentials to MEA performance were 
calculated and compared across the two different catalyst layers, and for the SS-CCE at 
high and low relative humidity. For the most part, the electrode concentration 
overpotential had the largest contribution which suggests that the oxygen diffusion and 
reaction in the catalyst layer has the greatest impact on performance loss. Membrane and 
electrode ohmic overpotentials (and thus resistance values) were lower for the MEA with 
the Nafion-based cathode relative to the SS-CCE cathode as a result of lower contact 
resistance between the electrode ionomer and the membrane. The overall proton 
conducting ability of Nafion also causes this difference. In most cases, the SS-CCE 
cathode at low relative humidity had lower overpotentials than at high relative humidity. 
The reduction of membrane and electrode ohmic overpotentials was achieved by back 
diffusion of water from the cathode to the drier membrane at 20% RH. The retention of 
water at the SS-CCE cathode at 75% RH appears to severely limit performance and has a 
considerable contribution to the overpotentials calculated.  
 
In the case of the electrode concentration overpotential, the Nafion-based catalyst 
layer had lower values than the SS-CCE cathode, which actually performed poorly at low 
%RH. Examination of the Tafel slopes indicated that reaction kinetics are slower for the 
SS-CCE cathode at 20% RH versus 75% RH, possibly due to the temperature difference 




containing cathode, indicating reaction kinetics were better with this cathode than the SS-
CCE cathode. No trend was observed for limiting current versus the non-electrode 
concentration overpotential, due to transport limitations that skew the ability to determine 
these values. 
 
Overall, it appears that the SS-CCE cathodes experience fewer transport-related 
losses at low relative humidity than high relative humidity. Concentration overpotentials 
were lower for the SS-CCE at 20% RH than either catalyst layer at 75% RH when air was 
used as the oxidant. This suggests that a higher flow rate (to maintain constant 
stoichiometry) has a positive effect on electrode performance as it helps to alleviate 
issues from water accumulation in the pores. While contact resistance and ionic transport 
may be limited when combined with a Nafion membrane, the results suggest these 
overpotential values could be improved by using a membrane containing a sulfonated 
silane. To further improve the catalyst layer, modifications to allow for faster reaction 
kinetics and improved management of water would be possible considerations for future 















1. Williams, M.; Kunz, H.; Fenton, J. Analysis of polarization curves to evaluate 
polarization sources in hydrogen/air PEM fuel cells. J. Electrochem. Soc. 2005, 152, 
A635-A644. 
2. Barbir, F. PEM fuel cells : theory and practice; Elsevier Academic Press: Amsterdam, 
2005; . 
3. Liu, Y.; Murphy, M. W.; Baker, D. R.; Gu, W.; Ji, C.; Jorne, J.; Gasteiger, H. A. 
Proton Conduction and Oxygen Reduction Kinetics in PEM Fuel Cell Cathodes: 
Effects of Ionomer-to-Carbon Ratio and Relative Humidity. J. Electrochem. Soc. 
2009, 156, B970-B980. 
4. Mench, M.; Kumbur, E. C.; Veziroglu, T. N. Polymer electrolyte fuel cell degradation; 
Academic Press: Amsterdam, 2012; . 
5. RHO, Y.; VELEV, O.; SRINIVASAN, S.; KHO, Y. Mass-Transport Phenomena in 
Proton-Exchange Membrane Fuel-Cells using O2/he, O2/ar, and O2/n2 Mixtures .1. 
Experimental-Analysis. J. Electrochem. Soc. 1994, 141, 2084-2088. 
6. Sambandam, S.; Parrondo, J.; Ramani, V. Estimation of electrode ionomer oxygen 
permeability and ionomer-phase oxygen transport resistance in polymer electrolyte 
fuel cells. Phys. Chem. Chem. Phys. 2013, 15, 14994-15002. 
7. Sambandam, S.; Ramani, V. SPEEK/functionalized silica composite membranes for 
polymer electrolyte fuel cells. J. Power Sources 2007, 170, 259-267. 
8. Eastcott, J. I.; Powell, J. A.; Vreugdenhil, A. J.; Easton, E. B. Electrochemical and 
Morphological Studies of Ceramic Carbon Electrodes for Fuel Cell Systems. ECS 
Trans. 2011, 41, 853-864. 
9. Eastcott, J. I.; Yarrow, K. M.; Pedersen, A. W.; Easton, E. B. Fuel cell electrode 
structures containing sulfonated organosilane-based proton conductors. J. Power 
Sources 2012, 197, 102-106. 
10. Lefebvre, M. C.; Martin, R. B.; Pickup, P. G. Characterization of ionic conductivity 
profiles within proton exchange membrane fuel cell gas diffusion electrodes by 
impedance spectroscopy. Electrochem. Solid State Lett. 1999, 2, 259-261. 
11. Easton, E. B.; Pickup, P. G. An electrochemical impedance spectroscopy study of fuel 
cell electrodes. Electrochim. Acta 2005, 50, 2469-2474. 





13. Linstrom, P.; Mallard, W., Eds.; In NIST Chemistry webbook; NIST standard 
reference database No. 69; National Institute of Standards and Technology: 
Gaithersburg, MD, 2005; . 
14. Sambandam, S.; Ramani, V. Influence of binder properties on kinetic and transport 
processes in polymer electrolyte fuel cell electrodes. Phys. Chem. Chem. Phys. 2010, 
12, 6140-6149. 
15. Saleh, F. S.; Easton, E. B. Diagnosing Degradation within PEM Fuel Cell Catalyst 
Layers Using Electrochemical Impedance Spectroscopy. J. Electrochem. Soc. 2012, 
159, B546-B553. 
16. Saleh, F. S.; Easton, E. B. Assessment of the ethanol oxidation activity and durability 
of Pt catalysts with or without a carbon support using Electrochemical Impedance 
Spectroscopy. J. Power Sources 2014, 246, 392-401. 
17. Eastcott, J. I.; Easton, E. B. Sulfonated silica-based fuel cell electrode structures for 
low humidity applications. J. Power Sources 2014, 245, 487-494. 
18. KUNZ, H.; GRUVER, G. Catalytic Activity of Platinum Supported on Carbon for 
Electrochemical Oxygen Reduction in Phosphoric-Acid. J. Electrochem. Soc. 1975, 
122, 1279-1287. 
19. Easton, E. B.; Astill, T. D.; Holdcroft, S. Properties of gas diffusion electrodes 










Chapter 8:  
 









8.1 Summary and Future Directions 
In this thesis, ceramic carbon electrodes (CCEs) were extensively evaluated as 
possible fuel cell cathodes through materials and electrochemical characterization. 
Electrode compositions were prepared by combining 20% Pt on Vulcan carbon XC-72 (a 
commercial carbon-supported Pt catalyst) with sulfonated organosilane materials via the 
sol-gel process. The first formulations used 3-(trihydroxysilyl)-1-propane sulfonic acid 
(TPS) in a range of 31-72 wt% silane. CCEs underwent materials characterization and 
electrochemical analysis in a half-cell set-up using CV and EIS. The maximum ECSA 
and ionic conductivities were achieved for 42-48 wt% TPS, but BET analysis revealed 
that the pore structure was limited due to the presence of the sulfonic acid side chains on 
TPS which restricted pore size. The structure of a TPS polymer results in a sulfonic acid 
group for every Si group in the silane backbone, whereas Nafion ionomers tend to have a 
sulfonic acid group every ca. 14 carbon backbone atoms.
1,2
 To reduce the degree of 
sulfonation closer to that of Nafion, the sulfonated CCEs (SS-CCEs) were constructed 
using a mixture of TPS and tetraethylorthosilicate (TEOS). Previous studies with TEOS-
based CCEs indicated that 45 wt% silane was optimal for electrode performance.
3
 Since 
the optimal range of TPS performance fell within 42-48 wt% silane, the TPS/TEOS 
composite electrodes were constructed with a target of 40-45 wt% total weight percent 
silane with varying ratios of TPS-to-TEOS. The 4:96 formulation of TPS:TEOS provided 
enhanced porosity and surface area as well as ionic conductivity and ECSA.  
 The 4:96 composite electrode was tested electrochemically in a fuel cell 
environment to evaluate its performance characteristics compared to Nafion-based 
electrodes. In order to prepare fuel cell electrodes, a new fabrication method for CCE 
deposition was developed. Rather than let the SS-CCE material gel to a solid state, the 
electrode was allowed to react and subsequently spray-deposited onto a gas diffusion 
layer (GDL) before polymerization was complete so the final stages of polymerization 
could take place on the GDL. To facilitate adhesion of the aqueous SS-CCE to the 
hydrophobic gas diffusion paper, a microporous layer (MPL) was applied to the GDL to 
increase surface roughness. The addition of the MPL appeared to improve performance in 
multiple ways. When tested under the same conditions (80 
o




electrode had similar fuel cell performance to, but a much higher ECSA than, the Nafion-
based catalyst layer. The spray-deposition process allowed the SS-CCE to retain porosity 
as evidenced by the high BET surface area and therefore it is possible to better access Pt 
catalyst sites. Some mass transport limitation appeared at higher current densities for SS-
CCE cathodes due to the hygroscopic nature of TPS and thus catalyst layer flooding was 
an issue, but the MPL aided with water management such that suitable fuel cell 
performance could still be achieved. 
 Examination of SS-CCE and Nafion-based cathodes at different cathode %RH 
revealed that SS-CCES perform better under low humidity conditions. Performance was 
achieved for SS-CCEs at as low as 20% RH, which was unattainable for the Nafion-based 
cathodes using our system. MEAs were prepared with identical Nafion membranes but 
the SS-CCE MEA displayed a lower Rmem compared to the Nafion-based MEA. This was 
attributed to the back-diffusion of water to the membrane under low RH conditions to 
maintain membrane hydration and thus retain ionic conductivity. Durability studies over 
multiple start-stop cycles revealed that carbon corrosion does not appear to be a problem, 
possibly due to protection provided by the silane ionomer. Platinum agglomeration 
reduced ECSA with repeated start up and shut down procedures, and some loss in proton 
conductivity was experienced over the 12 days tested. This is possibly due to loss of the 
sulfonate functional group from the CCE ionomer, though the exact source of sulfur 
detected by ICP-OES analysis was not confirmed. Regardless, fuel cell performance was 
not as significantly affected by degradation as it was by flooding of the catalyst layer at 
100% RH. Continuous load testing for 300 hours showed that SS-CCE cathodes lose ca. 
20% performance over the experiment time. ECSA was reduced, again as a result of 
platinum agglomeration. In both durability studies, the silane backbone appeared stable 
and did not degrade under the conditions tested. 
 Sources of transport limitation were elucidated for SS-CCE and Nafion-based 
electrodes using a method where oxidant concentrations are varied at the cathode. Over 
the course of the experiment, both electrodes experience a reduction in ECSA and proton 
conductivity and increase in ionic resistance. Under initial experimental conditions (80 
o




oxygen, air, helox, and 4% O2 in N2. Mass transport limitations related to catalyst layer 
flooding were evident for the SS-CCE under similar conditions, with improved 
performance for gases with lower oxidant concentrations due to the increased gas flows 
required to achieve constant stoichiometry. A gradual decrease in %RH resulted in 
agreement with humidity studies data that the best performance for the SS-CCE was at 
20% RH. The anticipated performance drop typically seen when air is used as an oxidant 
versus oxygen was not seen for the SS-CCE catalyst layer. This suggests that the 
concentration of oxygen at the catalyst surface is not limited for SS-CCEs for oxidant 
mixtures at the cathode. This result was not observed in any of the comparative 
literature
4-7
 for Nafion or alternative catalyst ionomers, which all exhibit reduced 
performance under air. The use of air as an oxidant with porous SS-CCE cathodes will 
not result in performance loss, providing excess water does not restrict gas transport. 
Similarities between air and helox curves for the SS-CCE at low %RH further support 
this hypothesis, as it indicates oxygen diffusion is limited by transport through water as 
opposed to hindrance of diffusivity in the gas phase.
2
 
Predominantly, the lowest overpotentials were found for the Nafion-based catalyst 
layer but some reduction in overpotential was observed when using 20% RH conditions 
versus 75% RH. This was augmented by using air as an oxidant, as the higher flow rates 
reduce the presence of water in the catalyst layer which inhibits transport. The 
overpotential related to transport and reaction of oxygen in the catalyst layer was 
generally higher at 20% RH versus 75% RH due to slower kinetics as a result of a 
temperature differential caused by the cathode gas at 20% RH. The largest contribution to 
overpotential changes as a result of the oxidant used but is typically the overpotential as a 
result of transport and reaction of oxygen in the catalyst layer. 
 The results obtained in this thesis suggest SS-CCE-based electrodes are viable 
options as cathodes in PEMFC applications. Formulations containing low sulfonate 
concentrations exhibit proton conductivity and fuel cell performance that is on par with 
Nafion-based cathodes, and ECSA values are generally higher for SS-CCEs despite use 
of the same carbon-supported Pt catalyst. The porous nature of these materials allows for 




practical use under highly humidified conditions. However, the ability of the catalyst 
layers to perform well under low %RH conditions indicates potential use in low water 
(high temperature/low relative humidity) fuel cell environments. This would reduce the 
requirement of external controls, improving overall balance-of-plant and functionality in 
a diverse set of environmental conditions. These catalyst layers appear to have improved 
performance when air is used as an oxidant, which is the goal for many fuel cell cathodes 
for transport applications. 
 Future testing of these SS-CCE electrode materials as the anode, and as both 
electrodes in a fuel cell, would be interesting to determine impact on cell performance. 
Water is not generated at the anode and thus SS-CCE electrodes should be less prone to 
flooding at the anode. These electrodes may aid in anode performance under drier 
conditions, and since the HOR has a higher exchange current density than the ORR, any 
limitation in electrode activity should be less pronounced at the anode. By utilizing SS-
CCEs as both the anode and cathode, performance may be enhanced under dry conditions 
as both electrodes would have the ability to donate water to the membrane and relieve 
differences in water concentration that can occur between the anode and cathode. 
Durability of MEAs constructed with SS-CCE anodes and cathodes should be examined 
to determine if changes in membrane hydration have an effect on transport and long term 
stability. In this case, imaging should be performed in conjunction with electrochemical 
tests to visualize changes in the catalyst layer with prolonged use.  
Future characterizations of SS-CCEs could include accelerated degradation 
testing using EIS
8,9
 in a half cell electrochemical set-up. While durability was studied in 
the fuel cell, it was limited in the number of hours tested and subject to interferences from 
the membrane and GDL degradation. By evaluating the catalyst layer in the half cell, 
some of these interferences are eliminated and a true measure of electrode durability and 
degradation mechanisms can be measured without contributions from other MEA 
components. SS-CCEs have been tested for low %RH but it is unknown how they would 
perform under cold start conditions. Water generated by the cathode at sub-zero 
conditions will often cause damage to the MEA if left in the catalyst layer after shut 
down.
10




when it freezes, and irreversible morphological changes may result thereby restricting the 
ability of the electrode to operate. However, the capacity to operate under low RH 
conditions implies that less water will exist in the cathode that could potentially cause 
damage. The silicate ionomer backbone may aid in providing structural stability during 
water freezing and thawing. Electrochemical testing of MEAs at sub-zero temperatures, 
along with electron microscopy techniques, would be useful for evaluating viability of 
SS-CCEs for low temperature applications. 
It was postulated that some of the improved performance at low RH was due to 
the back-diffusion of water into the membrane to aid in hydration. Anode water removal 
(AWR) can be a possible explanation, if the rate of back-diffusion of water is high 
enough that ionic conductivity in the membrane is not reduced and that the water 
concentration gradient does not increase the anode overpotential. Measuring the diffusion 
of water across the membrane when SS-CCES are utilized would confirm if this process 
is taking place. Liquid-vapour, vapour-vapour, and liquid-liquid water permeation 
techniques have been successfully used ex-situ to determine the internal and interfacial 
resistance values for membrane materials.
11-13
 It may be possible to quantify the SS-CCE 
materials in a similar manner by making a MEA with SS-CCE cathode and monitoring 
water flux and permeability. Since this thesis only considered low humidity applications, 
it would be interesting to evaluate the water retention properties of SS-CCEs at high 
temperature conditions (>100 
o
C) to determine if similar water retention and transport 
phenomena exist for high-temperature applications, and also if these materials are 
chemically and thermally stable under those conditions. 
To further improve CCE electrodes, other sulfonated silane precursors may be 
investigated to produce a less hygroscopic electrode. Depending on the structure of the 
organosilane used, polymerization may result in rigid polymer chains or flexible 
structures while others can undergo cross-linking to further enhance the conductivity or 
stability of the resulting CCE. Changes in the mechanical properties may alter surface 
area or ionic/electronic conductivity which will change the functionality of the electrode. 
One example is using sulfonated ethyl phenyl derivatives, which provide a bulkier side 




(chlorosulfonylphenyl)ethyl trimethoxysilane (Figure 8.1) is currently being studied for 
fabrication of CCEs. This work is still in the early stages, but thus far shows promise 
when combined with TEOS as it has similar, if not enhanced, electrochemical properties 
compared to the TPS/TEOS composites examined in this thesis. With new CCE 
compositions, a full materials and electrochemical study will be required to adequately 
evaluate their use as fuel cell cathodes. 
 
Figure 8.1. Structure of 2-(4-(chlorosulfonylphenyl)ethyl trimethoxysilane 
 
Structures prepared via the in-situ polymerization of silane precursors in the 
presence of carbon-supported catalyst material appear to be porous materials which can 
facilitate enhanced gas transport. Introduction of the silane polymer provides a degree of 
hydrophilicity to the catalyst layer, which aids in proton conduction and functionality 
under low humidity conditions. Electrochemical evaluation and electron imaging have 
revealed that there is a homogenous distribution of carbon-supported catalyst and 
ionomer material throughout the catalyst layer, which results in effective electronic and 
ionic transport and extremely high capacitance values. Availability of platinum sites has 
been increased compared to Nafion-based catalyst layers as evidenced by high ECSA 
values. Adhesion of the CCE material to a MPL has yielded a facile fabrication process, 
superb adhesion of the CCE to the GDL, and enhanced water management capabilities. 
Evaluation of long-term stability and transport properties indicate that CCE structures as 
catalyst layers are viable options for PEMFCs in low water environments. 
Along with modifying the silane precursors, a change in the carbon support may 
be beneficial for enhancing SS-CCE performance. In this thesis, Vulcan XC72 (a 
graphitic carbon black) was employed to support the Pt catalyst and demonstrated 
acceptable stability under the start-stop and continuous load testing procedures studied. 















variations with different graphitic contents, surface areas, and surface functionalizations. 
Johnson Matthey and Premetek both make carbon-supported platinum catalysts similar to 
the E-TEK carbon blacks used in this study, but the nature  of the carbon black (degree of 
graphitization, surface area) may be better for long term stability. Another carbon support 
that is attracting attention is carbon nanotubes (CNTs). It has been demonstrated that 
when Pt is deposited on CNTs, there is higher stability and performance than when 
carbon black is used as a support
14,15
 and surface modification can enhance these 
characteristics.
16-18
 Incorporation of similar carbon supports may further enhance the 
long-term performance characteristics of CCE cathode catalyst layers. 
Coupling CCEs with membranes that consist of sulfonated silane materials is a 
logical progression of this project. As discussed in Chapter 6, the contact resistance 
between the electrode and membrane can have a profound effect on proton transport. 
Additionally, differences in thermal expansion coefficients and swelling upon hydration 
can result in delamination of the electrodes from the membrane. The simplest way to 
combat these issues is to use identical or similar ionomers in both the membrane and 
catalyst layer. Membranes containing sulfonated silica have shown some promise
19,20
, but 
will only be successful if paired with similar-composition electrodes. Furthermore, 
preparation of MEAs via fabrication of catalyst-coated membranes could be performed, 
especially if silica-containing membranes are employed. Since the SS-CCE completes 
polymerization after deposition, application of the electrode directly on the membrane 
surface may enhance adhesion and result in reduced contact resistance at the electrode-
membrane interface. 
CCEs can be used for a variety of applications beyond traditional PEMFCs. Based 
on the properties determined in this thesis, SS-CCE catalyst layers may be promising 
candidates for passive “air-breathing” fuel cells. This type of fuel cell uses reactants that 
do not undergo external humidification which leads to poor performance once the 
membrane or catalyst layers experience reduced hydration conditions.
21
 To be viable for 
transportation applications, these devices require self-humidified MEAs consisting of 
hygroscopic materials in the membrane and/or catalyst layer.
21
 It seems as though SS-




properties. Direct methanol fuel cells (DMFCs) are being investigated as power 
generation for low-power electronic devices. For commercialization purposes, just as for 
PEMFCs, catalyst materials should be durable and low cost. The SS-CCEs could undergo 
analysis in a DMFC, which has a much different environment from a PEMFC in that 
liquid methanol is used at the anode as opposed to gaseous hydrogen. It is possible that 
the silicate network is better able to undergo saturation with methanol at the anode, and 
resist degradation effects from fuel crossover at the cathode.  
The high capacitance exhibited by CCE cathodes suggests that similar materials 
could be constructed for supercapacitor applications.
22
 The combination of a high surface 
area carbon with silane binder may result in a large charge storage capacity.  A platinum-
free sample will be fabricated using Vulcan XC72 and TPS/TEOS for future evaluation 
as a supercapacitor material. Another application to study is that of electrochemical 
sensors. There is already extensive research into the use of CCE materials as sensor 
electrodes
23-27
, so a logical application of these structures is to sense biological and 
chemical compounds. Electrodes fabricated in this thesis are currently in the preliminary 
stages of evaluation for use as ethanol sensors. High power densities are not required for 
sensor applications, and thus little composition modification is likely required to 
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